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En aquesta tesi doctoral es presenta una sèrie d’estudis computacionals i 
experimentals sobre dispositius moleculars magnetoresistents a 
temperatura ambient. Aquesta mena de dispositius s’engloben dins de 
l’electrònica molecular, que té com a objectiu l’estudi de sistemes 
moleculars per l’elaboració de components electrònics. Particularment, els 
sistemes moleculars amb electrons desaparellats són candidats potencials a 
mimetitzar i miniaturitzar les actuals vàlvules d’espí, àmpliament emprades 
en memòries magnètiques, a més de poder afegir noves funcionalitats a 
través de la modificació química d’aquests dispositius. Trobar candidats 
funcionals a temperatura ambient és crucial per a la posterior aplicació en 
dispositius electrònics. 
En el primer capítol s’introdueix la fenomenologia típica de l’electrònica 
molecular i les tècniques experimentals més emprades en el seu estudi. 
S’explica en profunditat el formalisme de Landauer en conjunció amb el 
formalisme de Green, que permet la descripció de l’electró com a una ona 
viatjant d’un elèctrode a un altre per mitjà d’una diferència de voltatge. Es 
discuteixen diferents codis d’estructura electrònica i de transport quàntic 
que s’utilitzen per realitzar càlculs teòrics.  
 
En el segon capítol, es proposen, a través de càlculs computacionals, 
diferents interaccions supramoleculars de la CoII-5,15-difenilporfirina 
(CoDPP) i CoII-porfirina (CoP) per explicar les altes conductàncies 
observades en experiments STM-Break Junction quan els elèctrodes d’or es 
funcionalitzen amb piridina-4-yl-metantiol (PyrMT) i 4-mercaptopiridina 
(PyrT). Posteriorment, la discussió s’amplia a les metal·lodifenilporfirines 
de CoII, NiII, CuII i ZnII per explorar la magnetoresistència d’aquests 
sistemes en el capítol tercer. Els càlculs teòrics permeten comprendre 
qualitativament la magnetoresistència observada en les metal·loporfirines 
de CoII i CuII.  
El quart capítol abandona els dispositius unimoleculars i aborda, en dues 
col·laboracions, l’estudi computacional de juntes moleculars monocapa. 
La primera col·laboració es va dur a terme amb el grup del Dr. Monakhov 
(IOM, Leipzig), en la qual s’estudia la junta monocapa 
[CuLn(L·SMe)2(OOCMe)2(NO3)] (Ln = Gd, Tb, Dy i Y, x = 0.75-1) 
mitjançant un elèctrode eutèctic de gal·li i indi (EGaIn). La independència 
experimental de la corrent respecte del lantànid queda corroborada en 
l’estudi computacional. Una segona col·laboració amb el Dr. Nijhuis 
(NUS, Singapur) i el Dr. Harding (Walailak University) estudia el primer 
sistema de FeIII amb propietats de transició d’espí a temperatura ambient: 
[FeIII(qsal-I)2]NTf2 (qsal-I = 4-iodo-2-[(8-quinolilimino)metilfenolat). En 
aquest estudi s’inclou un model explícit de l’elèctrode EGaIn que explica 
la conductància observada segons l’estat d’espín del FeIII. 
El cinquè capítol afronta, tant experimental com teòricament, la formació 
de dispositius espintrònics basats en monocapes de tipus clatrat de 
Hofmann {CoII(PyrT)2Pt(CN)4} (PyrT = 4-mercaptopiridina). En la 
secció experimental, s’explica la síntesi i caracterització de la monocapa 
mitjançant XPS, elipsometria i imatges AFM i C-AFM. Resultats 
preliminars de la conductància a nivell molecular s’obtenen mitjançant 
 
experiments de blinking STM. L’estudi teòric permet entendre les senyals 
de conductància observades i, a més, explicar de manera qualitativa la 
magnetoresistència observada. 
En l’últim capítol es retorna a les nanojuntes unimoleculars per estudiar les 
propietats termoelèctriques de complexos magnètics. En aquest capítol 
s’exploren teòricament metal·locens de VII, FeII, CoII i NiII, compostos 
tipus sandvitx de GdIII i EuII i complexos de CoII i FeII de la mena 
[MII(SCN)2+x(py)4-x] (x = 0-2, py = piridina) per trobar característiques 







In this doctoral thesis a series of computational and experimental studies 
of molecular magnetoresistance devices at room temperature is presented. 
This sort of devices is included in the molecular electronics framework 
with the objective of studying molecular systems to build up molecular 
devices. Particularly, molecular systems with unpaired electrons are 
potential candidates to mimic and miniaturizing nowadays spin valves, 
widely employed in magnetic memories, besides adding new 
functionalities through chemical modification. Finding out functional 
candidates at room temperature is crucial to the posterior application on 
electronic devices. 
The first chapter introduces common molecular electronics 
phenomenology and the most used experimental techniques. Landauer’s 
formalism is explained in detail along with Green’s function formalism, 
which permits to describe the electron as a traveling wave from one 
electrode to the other via an applied bias. Different electronic structure 
and quantum transport codes employed to perform theoretical 
calculations are discussed. 
 
In the second chapter, a supramolecular landscape of CoII-5,15-
diphenylporphyrin (CoDPP) and CoII-Porphyrin (CoP) is proposed to 
explain the high conductance signatures observed in STM-Break Junction 
experiments when both gold electrodes are functionalised with pyridine-4-
yl-metanthiol (PyrMT) and 4-mercaptopyridine (PyrT). Afterwards, the 
discussion is expanded to CoII, NiII, CuII and ZnII 
metallodiphenylporphyrins to explore the magnetoresistance of these 
systems in the third chapter. Theoretical calculations allow understanding 
qualitatively the observed magnetoresistance on CoII and CuII 
metalloporphyrins. 
The fourth chapter leaves unimolecular devices and tackles, in two 
collaborations, the computational study of molecular monolayer junctions. 
The first contribution was in collaboration with Dr. Monakhov’s group 
(IOM, Leipzig), in which the monolayer junction 
CuLn(L·SMe)2(OOCMe)2(NO3)] (Ln = Gd, Tb, Dy i Y, x = 0.75-1) is 
studied employing an eutectic gallium and indium electrode (EGaIn). The 
experimental current independence of the lanthanide is corroborated in 
the computational study. A second collaboration with Dr. Nijhuis (NUS, 
Singapore) and Dr. Harding (Walailak University) studies the first FeIII 
spin crossover system at room temperature: [FeIII(qsal-I)2]NTf2 (qsal-I = 
4-iodo-2-[(8-quinolylimino)methyl]phenolate). In this study an explicit 
model of EGaIn electrode is included to explain the observed 
conductance according to the FeIII spin state. 
The fifth chapter faces, both computational and experimentally, the 
building of spintronic devices based on Hofmann-type clathrate 
monolayers {CoII(PyrT)2Pt(CN)4} (PyrT = 4-mercaptopyridine). In the 
experimental section, the synthesis and characterisation of the monolayer 
using XPS, ellipsometry, AFM and C-AFM images is explained. 
Preliminary results about conductance at the molecular level were 
 
obtained in blinking STM experiments. The theoretical study permits the 
understanding of the observed conductance signatures and gives a 
qualitative explanation to the observed magnetoresistance. 
The last chapter goes back to unimolecular nanojunctions to study the 
thermoelectric properties of magnetic complexes. In this chapter, VII, FeII, 
CoII and NiII metallocenes, GdIII and EuII sandwich compounds and CoII 
and FeII complexes of the form [MII(SCN)2+x(py)4-x] (x = 0-2, py = 
pyridine) are theoretically explored to find out common characteristics for 
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It is hard to imaging nowadays life without all the electronic devices that 
surround us. From the first computers (ENIAC, 1947) to our powerful 
modern laptops there is a paramount improvement in computer power, 
efficiency and, of course, size. The key to understand this huge and 
astonishingly fast betterment is the reduction of the size of the different 
electronic devices that compose our gadgets.  
Traditionally, the Moore’s Law1 has ruled the exponential reduction of the 
size of the transistors and an increase in the complexity of the electronic 
devices. However, to keep up with the trend with silicon electronics 
requires an enormous effort both technologically and economically. 
Hence, new technologies “More than Moore”2 and “beyond CMOS”3 
(Complementary Metal-Oxide semiconductor) are required to achieve 
future generations of electronic devices.  
Following Richard Feynman’s intuition,4 the electronic devices may 
ultimately be reduced to single molecules or a very few of them. The vast 
richness of molecular chemistry suggests that the traditional electronic 
devices could be mimicked and new functions could appear by combining 
its properties.5–7 The first serious attempt to do so was devised by Aviram 




separated donor and acceptor groups could reproduce a classical rectifier 
based on an n-p junction. They conceptually placed the molecule between 
two metallic electrodes to apply a bias to let electrons flow and calculated 
the I(V) characteristics expected for a rectifier. 
In the wake of that, Carter proposed a series of molecules that may work 
as wires, switches, amplifiers and other electronic devices.9,10 Although 
molecular electronics does not change dramatically the concepts already 
known in silicon electronics, the quantum nature of molecules introduces 
new fascinating phenomena. A remarkable case is quantum interference11 
(QI) where two current paths can cancel each other giving a final current 
not equal to the sum of the current on each path. Other interesting 
phenomena such as magnetoresistance and spin filtering yield spin-
polarised electron currents.12–16 
Unluckily, it was not before the 1990s when scientists were able to 
manipulate molecules at single molecule level. Among the pioneers, 
Gimzewski and Joachim measured the electrical conductance of a single 
fullerene (C60) trapped between two gold electrodes using a STM 
(Scanning Tunnelling Microscope).17 A few years later, Martin18 and 
Metzger19 published an experimental proof of unimolecular rectification 
behaviour in an Aviram-Ratner type molecule. In 2003, Tao introduced 
the use of STM to measure the electrical characteristics of molecules, 
which allow the imaging of single molecules during the experiment.20  
Since then, molecular electronics has reached maturity. Molecular 
materials such as liquid crystals21, polymers for lithographic photoresists22 
and OLEDs23 are now used in a daily basis. Lately, there is a special 
interest in the use of magnetic molecules as spin transfer torque magnetic 
random access memory (STT-MRAM),24 its newer derivative spin-orbit 
torque MRAM (SOT-MRAM)25 and as memristors.26,27 Such devices 




of a Static RAM (SRAM) and the non-volatility of a flash memory along 
with infinite durability. Therefore, they are potential candidates to be 
universal memory devices. 
On the cutting-edge, memristors have been also employed to implement 
neuronal plasticity on neuromorphic computing.28–30 This new field has 
the objective of imitating the neural structure and operation mechanisms 
of the human brain to create new algorithms dealing with uncertainty, 
ambiguity and contradiction. 
1.1 Physical phenomena in molecular devices 
In this section the most representative physical phenomena observed in 
molecular junctions31–33 will be briefly discussed from a qualitative point of 
view. As Aviram and Ratner did,8 a molecule will be conceptually placed 
between two metallic electrodes. From there, the different transport 
regimes and some of the most representative physical phenomena 
observed, along with some examples, will be shown. 
1.1.1 Energy level diagram 
The key to understand and predict the behaviour of a molecular junction 
is to draw an energy level diagram and locate the Fermi energy (EF). 
Consider a molecule sandwiched between two metallic contacts at the zero 
limit interaction. In this situation the electrodes can be understood as a 
continuum of energy levels (orbitals) with a given work function (WF) and 
the frontier orbitals of the molecule are related with its electron affinity 
(EA) and ionisation potential (IP). It is expected that the molecule stay in 
its neutral state (although there is no actual limitation in that sense) as long 




most of the times fulfilled (Figure 1.1, left). The Fermi energy can then be 
located at the work function of the electrodes. 
Whenever the interaction with the leads is not zero (Figure 1.1, right), the 
molecular orbitals are shifted by a contact potential because of the 
hybridisation with the continuum of orbitals of the electrodes. Hence, 
there might be a fractional charge transfer and the molecule may not be 
completely neutral.  
The definition of the Fermi energy is now much more slippery. Below the 
Fermi energy, the number of states must be equal to the number of 
electrons in the molecule. Due to the interaction with the electrodes, the 
integer occupation number of the molecule can be a fractional number 
instead. However, the amount of charge transferred is usually less than 
one electron. Thus, the Fermi energy can be placed somewhere inside the 
HOMO-LUMO gap. 
 
Figure 1.1. Equilibrium energy level diagram for a metal-molecule-metal junction at zero interaction 
limit (left) and once the interaction is turned on (right). 
Related to the hybridisation with the electrodes, molecular orbital energies 
are broadened (Figure 1.2). This broadening (Γ) is as well due to the 
interaction with the continuum of the electrodes molecular orbitals and 















on how the molecule is anchored to the electrode, the energy difference in 
relation to the Fermi energy (E − EF) and the broadening can be strongly 
affected. 
 
Figure 1.2. Energy broadening of a molecular orbital due to interaction with the electrode. 
Under bias, the Fermi level of the electrodes becomes mismatched and 
electrons start flowing to restore the equilibrium (Figure 1.3). The 
interaction of the molecule with the electrodes is modified and E − EF and Γ are thus dependent of the applied bias. 
 
Figure 1.3. Schematic energy representation of a metal-molecule-metal nanojunction under bias. 
Additionally, a third electrode, known as gate electrode, can be used to 
tune the energy position of the molecular orbitals. By applying a positive 
voltage, the molecular orbitals are shifted down in energy, while the 
opposite happens for negative voltages. In this manner, it is possible to 
tune the E − EF expanse. 
1.1.2 Transport regimes 















In 1-step transport, the electron flows directly from one electrode to the 
other with no significant residence time in the molecule. The electron 
behaves as a wave moving with (elastic transport) or without (inelastic 
transport) energy exchange and phase-coherence. If the energy of the 
moving electron matches the energy of a molecular orbital, the electron 
the charge transport efficiency increases. This phenomenon is known as 
resonant tunnelling. When the mean free path of the electron (average 
length that a particle travels freely) is longer than the interelectrode 
distance, the electron transport is called ballistic and the conductance is 
equal to G0 (7.748·10-5 S). 
On the other hand, in 2-step transport an electron or hole spends some 
time in the molecule before moving to the electrode. Hence, the molecule 
is charged during the residence time. The electron loses its phase-
coherence and can exchange energy. This sort of transport is temperature-
dependent in opposition to 1-step mechanisms. 
Loosely speaking, 1-step transport can be related to the wave nature of the 
electron whilst 2-step transport shows the particle behaviour. Using the 
parameters E − EF and Γ shown in section 1.1.1, it is possible to further 
characterise the different transport mechanisms. The first two are 2-step 





Figure 1.4. Transport regimes depending on the broadening of the molecular orbital and its energy 
difference to the Fermi energy. Adapted figure.31 
If E − EF is small and the broadening of the molecular orbital (Γ) is low, 
the zero-interaction limit applies (Figure 1.1, left). Under these conditions, 
the molecule is barely affected by the electrodes but can be oxidised or 
reduced because of the applied bias. Once the molecule has lost or gained 
an electron, it is impossible to lose or add another electron until it has left 
the molecule. When the bias is further increased, the current is blocked for 
a certain bias difference corresponding to the charging energy of the 
molecule (Eadd). This yields a staircase-like current plot (I(V)) 
corresponding to the transmission of a single electron (Figure 1.4A). This 
regime is known as Coulomb staircase or Coulomb blockade. It is usually 
modelled using a master equation that governs the probability rates to 
move from/to source electrode, molecule and drain electrode.34–37 
Experimentally, bias and gate voltages can be employed to map the 
























Figure 1.5. Idealised coulomb blockade stability diagram (A) showing high current regions of single 
electron tunnelling (SET).The differential current map (B) shows the molecular orbital as bright 
diamond edges. Resonant tunnelling through excited states is observed as well as thin bright lines. N: 
Charge of the molecule. Eadd: charging energy, β: Gate coupling, ΔE: Excitation energy.38 
If E − EF is low but Γ is high, the electron is travelling in the Marcus or 
Hopping regime. This case is very similar to a chemical reaction and can be 
related to Marcus-Hush theory of electron transfer. The transmitted 
electron tunnels sequentially from site to site, usually this happens for 
large interelectrode distance. If the interelectrode gap is small and the bias 
is high enough, polarisation changes in the geometry can occur as the 
electron is transmitted triggering the so-called polaronic regime. The 
polaronic regime is a temperature-dependent mechanism in which the 
electron couples with the phonon/vibron modes of the 
electrode/molecule. Hysteresis is observed for low temperatures (Figure 
1.4B). 
When E − EF is high, the electron flows as a wave in a tunnelling regime. 
For two different molecules with same size and sufficiently high E − EF 
and low Γ, the measured current observed will be essentially tunnelling 
current through space (Figure 1.4C). Instead, if Γ is high, the tail of the 
broadened molecular level can reach the Fermi energy and then result in a 
molecule-dependent current (Figure 1.4D). These last two regimes are 
modelled under the Landauer and non-equilibrium Green’s function 




1.1.3 Molecular wires 
The simplest electronic and molecular device is a wire. It must let 
electrons travel easily, thereby having a high conductance (G) in the 1-step 
regime (section 1.1.2). 
Technically, any molecule with high conductance can work as a molecular 
wire. Nevertheless, it will be restricted to molecules without unpaired 
electrons and no asymmetry. These characteristics give rise to different 
phenomena that will be discussed in the following subsections. 
There are many examples of molecular wires, but simple organic 
polymeric molecules may be the largest family and the most studied until 
today.39,40 They are commonly characterised by their β  value, which 
corresponds to the exponential factor in the exponential decay of the 
conductance in respect to length (1.1).41 When a molecule is mediating the 
electron transport, higher conductance and smaller decays are obtained. 
Figure 1.6 shows the tunnelling current decay for a junction with a 
molecular wire compared to the expected exponential decay for vacuum.42 
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Common decay rates (β) are 0.75-0.94 Å-1 for alkanedithiols and 0.28-0.67 
Å-1 for oligophenylenedithiols. Recently, ultralow, zero or even inverted 
attenuation rates in the range of -0.21 to 0.4 Å-1 have been reported for a 
large variety of molecules.43–50 Particularly, diketopyrrolopyroles and fused 
porphyrins oligomers have shown almost zero and inverted attenuation in 
the range of –0.21 and -0.12 Å-1. 
1.1.4 Molecular rectification 
A rectifier or diode is an electronic device capable of transforming an 
alternating current into a direct current. In other words, it lets electrons to 
flow in only one direction. 
As it was mentioned before, Arieh Aviram and Mark Ratner introduced 
the idea of a molecular rectifier back in 1974.8 The Aviram-Ratner type 
rectifiers consist of an electron donor moiety separated by an aliphatic 
chain from an electron acceptor moiety (Figure 1.7). In this way, the 
whole molecule is able to mimic the n-p junction of a rectifier. 
 
Figure 1.7. Aviram-Ratner type rectifier: donor and acceptor moieties work as an n-p junction. 
Rectification occurs because the tunnelling barrier from acceptor to donor 
is higher than that from donor to acceptor (Figure 1.8, left). To quantify 
rectification, one measures the rectification ratio (RR), which is defined as 
the absolute value of the ratio of currents with reversed polarities at a 
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Figure 1.8. Rectification mechanisms. Aviram-Ratner rectification mechanism is analogue to an n-p 
junction (left). Asymmetry in the junction (Γ! ≠ Γ!) also introduces rectification effects (right). Dashed 
molecular orbitals represent its energy at zero interaction. 
More subtle rectification can occur if the broadening is different for each 
electrode (Γ1 ≠ Γ2) or due to an asymmetry in the junction. If Γ1 >  Γ2 and a 
bias is applied to electrode 1, the molecular orbitals will shift along with 
the electrode orbitals. If the same is done to electrode 2, the molecular 
orbitals will follow the applied bias but with a smaller shift because Γ1 >  Γ2 . In the case of an asymmetric molecule, that asymmetry is 
reflected in Γ1 and Γ2 and the same reasoning follows (Figure 1.8, right). 
Implicit rectification will be observed if two different materials are 
employed as electrodes. 
Thus, rectifiers come in very different flavours. Perrin et al. presented a 
gate-tuneable diphenylethyne (DPE)-based diode, DPE-2F with RR > 600 
(Figure 1.9A).51 Capozzi showed that the shape of the electrodes can also 
introduce rectification up to 200 in thiophene-1,1-dioxide (TDOn) 
junctions (Figure 1.9B).52 Based on the asymmetry of the molecule, Yuan 
and co-workers formed a HS(CH2)11Fc2 junction that reached a 
rectification ratio of 103 (Figure 1.9C).53 In Chen’s work, a similar junction 
















remarkable RR > 105, a value comparable to those of conventional diodes 
(Figure 1.9D).54  
 
Figure 1.9. High RR molecular rectifiers. A) Aviram-Ratner type rectifier DPE-2F. B) TDOn presents 
rectification with asymmetric electrode shapes. C) and D) Nijhuis rectifiers based of the asymmetry of 
the molecule. 
1.1.5 Molecular switching 
A switch is an electronic device that can turn on and off the current. It is a 
very appealing functionality because a transistor is, ultimately, a gate-
controlled switch. Changes in the molecular geometry or in the electronic 
structure can lead to an abrupt change in the measured conductance. 
Hence, molecules showing cis-trans isomerism55,56 or spin crossover 
compounds57–60 are excellent molecular switch candidates because of its 
intrinsic bistabillity. The switching between these two states can be 
triggered by a gate voltage, bias, pH, temperature, pressure or light. The 
main difficulty to design a molecular switch is to keep the bistabillity intact 
once the molecule is placed between the electrodes. Strong coupling with 
the electrodes can be detrimental for the bistabillity of the isolated 
molecule, making impossible the switching process. 
Ideally, the molecule should switch from a zero conductance state (OFF) 






















are found, and those can be characterized by their calculated ON/OFF 
conductance ratio, which is a quality measure of the switching device.  
An elegant switch example is the graphene – diarylethene – graphene 
junction (Figure 1.10, left). This molecule presents switching behaviour 
that can be controlled by light irradiation.61 The diarylethene molecule, 
directly placed between the electrodes, lost its switching capability. To 
overcome this, three methylene units were incorporated between the 
diarylethene moiety and the electrode to reduce the coupling. When 
diarylethene is irradiated with ultraviolet (UV) light a new C-C bond is 
created, leading to the ON state. The current can be switched OFF when 
visible light is employed (Figure 1.10, right) producing a switching ratio of 
100.  
 
Figure 1.10. Photoswitch by Xu, Nitzan, Guo et al. The creation of a C-C bond in the ON state opens a 
new current pathway. The pathway is destroyed when visible light is used. Adapted figure.61 
In 2015 Van der Zant and Mayor reported an FeII spin crossover 
unimolecular switch triggered by voltage62 (Figure 1.11). For low biases 
the FeII complex remains in the low-spin state (Figure 1.11, left). When 
the applied voltage is high, the electric field induces a distortion in the 





Figure 1.11. Voltage-triggered FeII spin crossover junction by Van der Zant and Mayor. Adapted 
figure.62  
More recently, Mosey has proposed a non-volatile spin crossover 
molecular switch based on an ensemble of 40-50 molecular layers thick  
[Fe{H2B(pz)2}(bipy)] (pz = tris(pyrazol-1−1y)-borohydride, bipy = 2,2′-
bipyridine).63 The high-spin state works as ON state and the low-spin state 
as the OFF state. An increase of the temperature triggers the switch due to 
a spin crossover process (Figure 1.12, left). The molecular layer also 
exhibits polarisation-dependent conductance at room temperature. When 
the polarisation is pointed towards the [Fe{H2B(pz)2}(bipy)] layer, the 
high-spin state is dominant and higher conductance is observed (Figure 
1.12, right). The polarisation of the ferroelectric PVDF-HFP substrate can 
be controlled by a gate voltage and is non-volatile, creating a 
straightforward route towards a three terminal molecular device.  
 
Figure 1.12. Cheng [Fe{H2B(pz)2}(bipy)] molecular switch characteristics controlled with temperature 
(left). Memristive behaviour is observed when a ferroelectric is polarised towards (red) and away (blue) 





Figure 1.13. Molecular switch by Hihath between NB and QC state (A and B) can work as a memristor 
(C and D). Adapted figure.64 
Lately, molecular switches have been focused towards their use in 
memristive devices. Hypothetically, a memristor is an electronic device 
whose resistance is dependent on the previous electronic current, the so-
called non-volatile property. A memristor-like molecular switch between a 
cyclic norbornadiene (NB) derivative with oligo(phenylene-ethynylene) 
(OPE) side groups state and its quadricyclane (QC) state (Figure 1.13A) 
was designed by Li and co-workers (Figure 1.13B).64 The QC-state (“0” 
state) is detected at 0.25 V, the NB-sate (“1” state) is written at 0.75 V and 
finally read at 0.1 V (Figure 1.13C). In the case of NB-state, it is detected, 
written and read at 1.25, 0.25 and 0.1 V (Figure 1.13D). 
1.1.6 Molecular spintronics 
In the previous sections the discussion was focused on the transport of 
the electron charge, completely ignoring the spin magnetic moment. To 








alpha and beta electrons. Achieving control over the spin of travelling 
electrons gave rise the field of molecular spintronics.65–67 The Kondo 
effect and giant magnetoresistance (GMR) are the two most important 
spintronic effects. 
The Kondo effect on bulk conductors arises at very low temperatures 
when magnetic impurities are found in the sample, introducing unpaired 
electrons. Those electrons interact with the conducting electrons reducing 
the conductance at temperatures below the Kondo temperature (TK), in 
honour of Jun Kondo who first described the phenomenon in 1964.68 The 
magnetic impurity has been shown to be successfully described in 
Anderson model.69 
For paramagnetic molecules, the Kondo effect can be observed at 
temperatures below TK because they show an increase of the conductance, 
contrary to bulk Kondo effect. In the molecular case, the flowing 
electrons interact with the unpaired electrons via spin-spin interactions 
forming a weakly bound many-body single state. Because of that, Kondo 
states are always on the Fermi energy level and on resonance. By applying 
a magnetic field, it is possible to distinguish spin up and spin down 
electrons as shown in Figure 1.14. 
 
Figure 1.14. (A) Differential current measurements of [Co(tpy-SH)2]2+ (tpy = terpyridi-nyl) showing an 
increasing current as long as the temperature is diminished. (B) Applying a magnetic field the 





Giant magnetoresistance (GMR) was first observed in metallic multilayers, 
in which a thin conductive non-magnetic layer separates two 
ferromagnetic layers.70,71 The resistance increases when the polarisation of 
the ferromagnetic layers is antiparallel, conversely parallel ferromagnets 
produce a low resistance state. The magnetisation of the ferromagnets can 
be controlled via an external magnetic field. Such device is known as spin 
valve (Figure 1.15).72 Magnetic-RAMs, magnetic heads and hard disks are 
some of the utilities of this sort of valves. 
 
Figure 1.15. Scheme of a spin valve device. 
In modern MRAM, the external magnetic field is no longer used in favour 
of spin transfer torque-magnetic random access memory (STT-MRAM) 
and spin-orbit torque-MRAM (SOT-MRAM)24,25,73,74 based on spin Hall75 
and Rashba76 effects (Figure 1.16). STT-MRAM has lower power 
consumption in comparison to applying an external magnetic field, is non-
volatile and has near-zero power leakage consumption.  
 
























The weakness of STT devices is that to set (write) the ferromagnets either 
parallel or antiparallel a high-density current is needed. This can damage 
the non-magnetic layer and hence potentially destroy the device besides 
requiring high power consumption. To avoid this issue, spin-orbit torque 
devices are a promising way to separate the writing and reading paths. In 
SOT devices, a perpendicular current is applied to write the alignment of 
the ferromagnetic layers, thus keeping the non-magnetic layer safe. 
Despite of this, SOT-devices require two transistors whilst STT-devices 
require only one, limiting the use of SOT-MRAM in high-density memory.  
Molecules with unpaired electrons may work as molecular spin 
valves.12,77,78 If the molecular orbital closer to the Fermi energy is an alpha 
spinorbital, it is expected to observe a larger conductance when alpha 
electrons are injected. If the injected electrons are beta-polarised, then the 
conductance is lower because the first beta spinorbital lies far away of the 
Fermi energy. Such effect is often called magnetoresistance. A notable 
example is the paramagnetic molecule [Fe(tzpy)2(NCS)2]79,80 (tzpy = 3-(2-
pyridyl)-[1,2,3]triazolo[1,5-a]pyridine) that presents a magnetoresistance of 
100-fold under opposite nickel magnetic polarisation at room temperature 
(Figure 1.17, left). The homologous diamagnetic complex [Fe(LA)2(NCS)2] 
(LA=N,N′-bis(1-pyridin-2-ylethylidene)-2,2-dimethylpropane-1,3-diamine) 
shows almost the same conductance value (Figure 1.17, right). 
 
Figure 1.17. Conductance histogram of paramagnetic [Fe(tzpy)2(NCS)2] and an homologous 





In the case that the injected electrons are a mixture of alpha and beta 
electrons, and assuming that the molecule keeps a fixed polarisation (alpha 
and beta states are not degenerated), the injected electrons will be spin-
filtered because one polarisation will have a larger conductance. 
However, diamagnetic molecules cannot be ruled out from spintronics. 
Applying a gate voltage on a diamagnetic junction can lead to a 
reduction/oxidation of the molecule and, hence, creating a radical with 
unpaired electrons.82 Plus, spin-orbit coupling (SOC) can introduce a 
refined way of magnetoresistance.83 Chirality induced spin selectivity 
(CISS)84–87 effect opens a door to spintronics to diamagnetic molecules 
such as DNA or peptides: When a spin-polarised current is injected 
through a molecule with helical chirality, the conductance is different for 
alpha and beta electrons. Ron Naaman and David Waldeck introduced the 
concept when the spin selectivity in electron transmission through self-
assembled monolayers of double-stranded DNA was observed.88 The spin 
selectivity is often studied using cyclic voltammetry, where one of the 
electrodes is coated with a monolayer of the molecule under study and the 
electrons are injected from a polarised nickel electrode (Figure 1.18).89 
Other techniques such as STM Break Junction (section 1.2.1) have been 
employed as well.90 
 
Figure 1.18. On the left, Scheme of a cyclic voltammetry set-up. L-poly{[methyl N-(tert-
butoxycarbonyl)-S-3-thienyl-L cysteinate]-cothiophene} is coating the gold electrode (working 
electrode). The cyclic voltamogram of ferrocene (right) revails a difference response for alpha (red) 




Although CISS effect is widely demonstrated experimentally,91–93 there is 
still no theoretical consensus.87 Molecular orbitals of two enantiomers are 
exactly the same and differences in their SOC properties seem difficult to 
understand. Even more, molecules usually contain light atoms, and thus 
their SOC should be small.94 Luckily, some methodologies based on a 
perturbative approach to the spin-orbit interaction have been published to 
settle the basis of a correct analysis.95–100 
1.1.7 Molecular thermoelectrics 
All electric machines generate heat because of Joule effect. Up to 80% of 
industrial waste heat is released as heated gas.101 In the case of electronics, 
removing the produced heat to keep the devices in good conditions is a 
priority.  
A temperature difference between two electrodes will break the 
equilibrium of the system. To restore it, electrons carry thermal energy 
from one electrode to the other. Thermoelectric devices are, thus, an 
excellent way to recycle waste heat and transform it back into electricity. 
This time, however, apart of electrons there is a second significant actor: 
Phonon thermal conductance can be comparable to electronic thermal 
conductance. In a successful thermoelectric device, the electronic 
contribution must greatly surpass the phonon thermal conductance. 
Otherwise, vibrations will be the preferred mechanism and small current 
will flow. 
The figure of merit (ZT) is the main parameter to rate the performance of 
a thermoelectric device (1.3), where S is the thermopower or Seebeck 
coefficient, G is the electric conductance and kel and kph is the electron 
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There are commercial thermoelectric devices based in a great variety of 
inorganic compounds.102–107 Among them, Bi2Te3 exhibits a ZT of 1 near 
room temperature (350-450K), making it an excellent thermoelectric 
material. However, the low abundance of Bi and Te, the working 
temperature range, the stability and the scalability at the industrial level 
stimulates the search of alternatives.108 
Paulsson and Datta were among the first to study thermoelectric 
properties in a molecular junction of benzenedithiol (BDT).109 In that 
work, they suggested that the Seebeck coefficient could indicate whether 
the electronic transport were through the HOMO or LUMO orbitals. The 
thermopower is given by equation 1.4.110 
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Where kB is the Boltzmann constant, T is temperature and T(E) is the 
transmission function. Since thermopower depends on the derivative of Ln[T(E)] , a positive thermopower value indicates HOMO mediated 






Figure 1.19. Thermoelectric properties of 4,4'-dibenzenedithiol (DBDT) (A) and C60 (B) under gate 
voltage potential.111 
Many simple organic molecules have been studied to gain more insight in 
thermoelectricity.111,112 Nevertheless, while theoretical calculations of 
thermoelectric properties are easily accessible,113–117 experimental 
measuring is still limited. A voltage-gate is frequently employed to improve 
the ZT of the junction (Figure 1.19). As it happens for conductance, ZT is 
enhanced when a molecular orbital is mediating the electron transport (in 
fact, when the derivative is maximum).  
Sign and magnitude of thermoelectric properties depend strongly on the 
orientation of the molecule in the molecular junction. Agraït and co-
workers118,119 have shown that endohedral fullerene Sc3N@C60 is a bi-
thermoelectric material, displaying positive or negative thermopower 
depending on the orientation of the molecule in the junction. The 
orientation of the endohedral fullerene can be controlled by applying 
pressure with a STM tip. 
Beyond the purely figure of merit improvement, thermoelectric properties 




SH)2(SCN)3 complex, showing that thermoelectric measurements can be 
used as well as a spectroscopic tool.120 
1.1.8 Quantum interference 
All the aforementioned physical phenomena count on with a classical 
analogue in electronics. It is worth mentioning a purely quantum 
phenomenon that arises from the wave nature of electrons: Quantum 
interference (QI). When electrons are coherently travelling across a 
nanojunction through two (or more) molecular orbitals, they can interfere 
either constructively or destructively, resulting in molecules not following 
classic electrical circuit rules. Controlling QI effect offers an opportunity 
to build up molecular sensors/switches121,122 and thermoelectric 
devices.123,124 
Conjugated organic rings125,126 and cages127 have been used intensively in 
the last years to study quantum interference. A canonical example is ortho, 
meta and para substitution of benzene in a molecular wire, often related to 
Mach-Zehnder interferometer in physics.128 A simple tight binding model 
of the benzene ring is capable to deduce that a meta connection triggers a 
destructive QI whereas ortho and para connections generate constructive 
QI.11 Other QI effects of interest are Breit-Wigner interference (the 
broadening of a molecular orbital shown in 1.1.1) and Fano resonance, 
composed of both a destructive and a nearby constructive interference. 
This last one is of strong interest in thermoelectrics since it can lead to 
great thermopowers and figures of merit in single molecule devices.129 
In the last years a growing complexity in the aromatic rings used to 
explore quantum interference has arised.130–132 Venkataraman and Evers133   
introduced a mechanically controlled quantum interference case of two 




3·10-5 G0 for both derivatives is shown (Figure 1.20B). The broadening of 
the conductance peaks is related to the relative angle of the Cp rings, 
theoretically confirmed in the calculated transmission (Figure 1.20C). 
 
Figure 1.20. Mechanically controlled quantum interference of two ferrocene derivatives. A) STM-BJ 
scheme and molecular systems considered B) Conductance histogram obtained C) Calculated 
transmission dependence with angle. Adapted figure.133 
1.2 Experimental techniques  
The art of catching a molecule between two electrodes lies in the 
assumption that there is a certain probability that molecules eventually will 
bridge both electrodes once a nanogap is created. How this gap is created 
is the most important distinction between the different experimental 
techniques.  
Generally speaking, there is no limitation in the environment in which 
these measurements can be performed. Vacuum, air, organic solvents, 
even aqueous electrolyte and ionic liquids have been used to place a 
molecule between electrodes. Low temperature measurements in ultrahigh 
vacuum (UHV) gives the most reproducible results but lately, there is a 
growing interest in the scientific community to study how the 
environment modifies the electrical properties of molecules.134–137 The 




molecular orbitals (section 1.1.1), hence, the measured conductance can be 
modulated depending on which solvent is employed.  
The most usual electrode material is gold, which remains inert under 
experimental conditions. In the vast majority of metals a natural oxide 
layer is formed under exposure to air. The formation of such layer disrupts 
the tunnelling current, making impossible the measurement. Moreover, 
the inert nature of gold facilitates the cleaning of the electrodes before the 
experiment in which strong acids are often used. Although the non-
reactive nature of gold may be counterintuitive in terms of forming a 
nanojunction, there are a large variety of so-called anchoring groups that 
strongly bind to gold. The most common groups are thiols and its 
derivatives because they covalently bond to gold. Other anchors of this 
sort are Au-C138 and Au-N,139 frequently used as well. Even though a 
covalent anchoring group is usually the preferred manner to bind a 
molecule in the nanojunction,140 weak bonds such as π-interactions have 
been reported to be a convenient way to form a nanojunction.141 
Of course, depending on the experiment, a different metal might be a 
better choice. Pt/Ir electrode is the chosen one to obtain STM images 
because of its toughness, producing high quality images.142 Nickel can be 
easily magnetised to study the magnetoresistance response of molecules 
with unpaired electrons.143 However, special care must be taken to avoid 
the aforementioned oxide layer. Even more, other conductive materials as 
graphene are employed in a daily basis.144 
In the previous section (section 1.1), the physical phenomena in a 
molecular junction, obviating how this is done, was discussed. In this 
section the main experimental techniques employed in the study of single 
molecules is reviewed. STM-Break Junction (STM-BJ), Mechanically 




(EMBJ) are used to study the electrical properties at the single molecule 
level.145 These techniques are as well the most flexible ones in terms of 
variety of experiments and allow a quite deep understanding of the target 
molecular system. The statistical data obtained is compiled in a 
conductance histogram, which is the main output of these techniques. 
Traditionally, the construction of this histogram can be slightly human-
biased146–156 but in the last years, machine-learning algorithms have been 
introduced to overcome this issue.157–160 
A more natural way to investigate extensive systems is to use Conductive 
Atomic Force Microscopy (C-AFM) or an Eutectic-GaIn (EGaIn) 
electrode, as proposed by Nijhuis and Whitesides.161 Notwithstanding, 
STM-BJ can explore extensive systems such as monolayers in its blinking 
mode. Hence, a clear line between unimolecular and extensive 
experiments cannot be drawn. 
1.2.1 STM Break Junction (STM-BJ) 
The Scanning Tunnelling Microscopy (STM) is a well established 
technique that can be used to access to the properties of molecules either 
adsorbed on a conductive substrate or in solution. It allows the precise 
control of the tip-substrate distance, thus controlling the contact spacing 
and tilt angle. STM-BJ experiments can be easily carried out under 
electrochemical conditions. Also, STM experiments can be combined with 
high-resolution STM-imaging to extract structural information of the 
substrate. 
The most common way for creating single molecule junctions is the STM-
Break Junction technique or tapping mode,20 demonstrated by Tao and 
collaborators in 2003 in which the tip is crashed into and driven out of 





Figure 1.21. Typical STM-Break Junction cycle.  
Initially, the molecules under study are either adsorbed on the substrate or 
in solution. The solvents employed are usually 1,3,5-trimethylbenzene 
(mesitylene) and 1,3,5-trichlorobenzene (TCB) because they have very low 
oxygen and water solubility. Nevertheless, any solvent can be potentially 
used. Then, a bias voltage is set between the tip and the substrate, and the 
tip is drifted away from the surface a certain distance set by a feedback 
tunnelling current control (Figure 1.21A). 
The feedback is switched off and the break-junction cycle starts: the tip is 
crashed to the substrate at constant x-y position (Figure 1.21B). In fact, 
the tip is approached until a pre-set upper limit of current. This limit 
usually corresponds to the metal-metal contact. The tip is then withdrawn 
from the surface at a chosen rate (Figure 1.21C). During the withdrawing 
process, a molecule eventually can bridge the substrate and the tip. In such 
cases, a plateau in the expected exponential decay of the tunnelling current 
is observed (Figure 1.21D). The withdrawing rate must be slow enough to 
lengthen the current plateau as much as possible. However, a too slow rate 
can snag the tip in the surface. Finally, the junction is broken and the cycle 
starts again. 
The cycle is repeated thousands of times, being 3000-5000 conductance 
traces a typical value. These traces are recorded for the subsequent 
statistical analysis (Figure 1.22). 
TIP





Figure 1.22. Idealised I(z) trace obtained in a STM-BJ experiment. Conductance plateaus indicate the 
formation of a nanojunction mediating the electron current. 
Another possibility to catch a molecule is to wait for the spontaneous 
junction formation, a technique demonstrated by Haiss and co-workers.162 
Instead of crashing the tip against the substrate, the tip is approached up 
to a certain tip-substrate distance (interlectrode distance) and then the 
feedback control is switched off (Figure 1.23, t1). Without feedback, the 
tip drifts freely at a given x-y position. Then the current as a function of 
time (I(t)) is recorded. Eventually, a molecule jumps into the nanogap 
giving a conductance jump or blink (Figure 1.23, t2). Afterwards, the 
molecule spontaneously detaches from the tip (Figure 1.23, t3). 
 
Figure 1.23. Spontaneous junction formation or blinking technique. 
As in the tapping mode, hundreds to thousands of blinks are recorded for 












Figure 1.24. Current jumps or blinks during spontaneous junction formation technique. 
In opposition of these two “fishing” techniques, at sufficiently low 
temperatures it is possible to image an individual molecule before it is 
contacted.163 This way, it can be indisputably agreed that one molecule is 
studied.  
In addition to the explained above, the use of a STM tip as an electrode 
permits its easy functionalization. This allows the creation of junctions 
based on supramolecular interactions. Moreover, if a nickel tip is used to 
perform the experiment, it can be magnetised to explore the effect of the 
magnetic polarisation of the electrode on the molecule current signature.  
1.2.2 Mechanically Controlled Break Junction (MCBJ) 
Similar to the STM-BJ, the MCBJ permits the automated cyclic 
formation/breaking of a target single molecule junction. A notched metal 
wire is placed in a bendable substrate and elongated until it is fractured 
using a piezo-controlled pushing rod. Two sharp electrodes are thus 
formed separated by a nanogap (Figure 1.25). Before of after the rupture, 
the molecule under study is introduced to link both electrodes. MCBJ was 
introduced by Moreland164 and Muller165 and further developed by Reed 
and colleagues.166 
In comparison with STM-BJ, MCBJ has a high mechanical and vibrational 
stability, up to two orders of magnitude more stable. It allows a very fine 












room temperature. The slower stretching velocity of the electrodes makes 
it a more precise technique. Furthermore, it can be combined with Raman 
Spectroscopy to access in situ monitoring of the molecular junction 
formation along with the charge transport measurements.167–170 
 
Figure 1.25. Schematic representation of a Mechanically Controlled Break Junction (MCBJ). 
However, certain drawbacks arise. MCBJ measurements require an 
elaborate preparation and changing the electrode material effectively 
involves the creation of a complete new device. Plus, obtaining the desired 
molecular presence between the electrodes is often hard to 
accomplish.145,171 As in STM-BJ, similar current traces are obtained and 
recorded for future analysis. 
1.2.3 Electromigration Break Junction (EMBJ) 
The first report of the fabrication of two metallic electrodes by 
electromigration was by Park in 1999172 (Figure 1.26). First, a metallic 
nanowire is defined by electron-beam lithography. Then, metal atoms 
evaporate due to Joule effect by the effect of an applied electric field, 
which results in the breakage of the nanowire. Monitoring the current-
voltage response in real time follows the breaking process, until a 







Figure 1.26. Electromigration Break Junction (EMBJ) scheme. 
Although STM-BJ and MCBJ can incorporate a gate electrode, in EMBJ is 
already present before the creation of the nanogap, making it an excellent 
choice to build three-terminal devices. A gate voltage can shift up and 
down in energy the molecular orbitals, thus modulating the current. 
As a drawback, it is often required to rebuild the junction when a large 
number of metal-molecule geometries are needed for statistical analysis. 
Furthermore, EMBJ shares the lack of direct observation of the 
nanojunction with MCBJ. Luckily, in both techniques in situ STM, AFM or 
transmission electron microscopy (TEM) can be employed to circumvent 
the problem. 
1.2.4 Data collection and analysis 
Regardless of which technique was employed to obtain the experimental 
data, the current, or more typically the conductance, is analysed to build a 
histogram that reflects the most common conductance values observed 
during the measurement. 
To do that, it is essential to know the anatomy of a conductance-distance 
trace (G(z)), the main output of a BJ experiment. These traces are usually 
plotted in units of the conductance quantum G0  (77.5 µS). Note that 
actually conductance (G) is not a quantized magnitude. Instead, G0 
describes the conductance of two quantum channels (one spin up and one 







is the conductance observed in a quantum point contact (QPC). The first 
definition will become clearer in the following sections. 
 
Figure 1.27. Conductance traces of 4,4'-bypyridine (left) obtained in a break-junction experiment are 
recorded to construct a histogram of the accumulated G(z) traces (right).173  
Figure 1.27 shows some traces and the resulting histogram of a break-
junction experiment on 4,4’-bypyridine using gold electrodes.173 As 
previously mentioned, during the BJ cycle if no junction is created, 
observing a clean exponential decay of the conductance should be 
expected. This is because the tunnelling current between the two 
electrodes decays in that manner (Figure 1.27E).  
However, most of the traces will show a plateau at G0 (around 70-90%). 
When the tip is driven into the gold substrate and retraced, a gold 
nanowire is formed. It mostly consists of a single gold atom bridging both 
electrodes. If the withdrawing rate is slow enough, it is possible to see 
plateaus at 2 G0 and 3 G0 (Figure 1.27A). The integer multiplicity of G0 is 
interpreted as one, two or three gold atoms bridging the nanojunction at 
the same time in parallel.  
While the tip is being withdrawn a molecule in the vicinity may jump into 




in the G(z) trace (Figure 1.27C). The lowest value is 0.01 G0 and the rest 
are integer multiples of this value. As happened with gold, one, two or 
three 4,4’-bipyridines can be trapped in the junction at the same time. The 
presence of these plateaus implies that the molecule provides a relative 
constant pathway for the electron current. In a molecular junction, there is 
never a completely flat plateau. It may contain sudden jumps and may 
even possess a gentle slope. The reason why is difficult to underpin, but 
these characteristics are commonly related with vibrations, slight 
conformational changes and stress during the junction lifetime. In that 
context, the length of the plateau is normally related with the junction 
stability. 
Finally, there are no more conductance plateaus and the exponential decay 
appears (Figure 1.27E). 
Although this can be experimentally observed, only a very few traces will 
show the whole story. Most of the traces will show only the G0 plateau. 
Some others G0 and 0.01 G0, or just 0.01 G0. All traces are accumulated to 
create a histogram that reveals the most usual conductance values 
observed. Figure 1.27B shows three conductance peaks in the histogram 
corresponding to G0, 2 G0 and 3 G0. As one should expect, the number of 
counts for G0 is larger than 2 G0 and so on. The same is true for the 
conductance peaks related to 4,4’-bipyridine. Catching a single 4,4’-
bipyridine is statistically more probable than catching two or three at once, 
as shown in Figure 1.27D. Of course, when there is no molecule in the 
junction, no peak is shown in the histogram (Figure 1.27F). 
Further analysis can be done building 2D conductance-displacement 
histograms. These sorts of histograms correlate the conductance, 
displacement and number of counts. They permit to elucidate the 




be shown for specific conductance and displacement values with little 
dispersion. If not, both parameters will show larger scattering. In the case 
of benzenediamide (BDA), di- and tribenzenediamide (DBDA, TBDA) 
the dispersion in the conductance-displacement plot increases with the 
number of benzene units. It is a somehow intuitive result, because a 
longer junction can have a wider range of tilt angle (Figure 1.28). 
 
Figure 1.28. 2D Conductance-displacement histograms for A) BDA, B) DBDA and C) TBDA.  The 
dependency of the conductance with the length of the chain is shown in D.174 
More subtle features can be inferred considering the correlation between 
conductance plateaus. For example, the molecular junction plateau is 
usually observed in the same trace as the gold nanowire plateau. Thus, 
these two events are intimately related. First the gold nanowire is created 
and right after breaking, the molecule jumps into the gap. 
If a molecule shows different conductance plateaus and are observed at 
the same time, a reasonable model may be that the molecule slightly 
changes its conformation during the retraction of the electrode. 




be related with two different spin states or two different anchoring groups, 
ruling out the possibility of molecular conformational changes. 
To build up the conductance histograms (Figure 1.27 and Figure 1.28) the 
number of times every conductance value appears in a current trace that 
presents a conductance plateau is recorded. To do so, it is necessary to 
define what can be considered as a plateau. This seemingly innocent 
definition hides a possible big human bias. For very long and very 
different conductance plateaus, an easy consensus can be achieved. 
Nevertheless, when the conductance plateaus are close to each other it 
may be possible to consider them as a single broad conductance peak or 
several smaller ones. Even more: how long a conductance plateau must be 
to be considered as a genuine molecular plateau? 
 
Figure 1.29. A) Schematic of the K-means algorithm B) Conductance traces of OPE3 C) 
Transformation of the breaking trace into individual 2D histogram D) Reduced feature space using 




In order to reduce the human bias, machine-learning methods have 
proliferated recently.175–178 They are usually based on the K-means method 
(Figure 1.29), in which a number of clusters parameter is chosen and the 
different conductance plateaus are sorted into those clusters. 
Although in machine-learning methods the number of parameters subject 
to the human bias is largely reduced, the number of clusters considered is 
still a human choice and critical for the posterior analysis. 
1.2.5 Eutectic Gallium Indium electrode (EGaIn) 
Self-assembled monolayer (SAM) devices are a very good approximation 
to actual molecular devices. In the previous sections, techniques focused 
on the study of single molecule devices have been discussed. To measure 
the conductance of a thin-film as a whole with low defects and in a non-
invasive way, it is needed to create a top electrode that is able to adapt its 
shape to the topological characteristics of a molecular layer.  
 
Figure 1.30. A) Crossbar configuration B) micro/nanopore configuration C) EGaIn electrode.179 
Intuitively, the use of Hg as a top electrode seems an excellent choice 
because a liquid metal can adapt to any shape the SAM may have. In fact, 
the Hg-drop technique has been employed successfully but has certain 
drawbacks, for instance, Hg can filter through the SAM short-circuiting 




Other approaches relying on crossbar (Figure 1.30A) or nano/micropore 
(Figure 1.30B) configurations require patterning of the bottom electrode. 
Nonetheless, the use of patterned electrodes requires a photoresist that 
may contaminate the sample. Plus, the edges of the electrodes can hinder 
the packing of the SAM.184–187 
Nijhuis and Whitesides presented a new top-electrode based on the use of 
non-Newtonian liquid-metal GaOx/EGaIn stabilised in a microfluidic-
based device (Figure 1.30C).179 Unlike Hg, EGaIn forms a self-limiting 0.7 
nm thickness layer of GaOx in air, preventing the formation of alloys with 
the bottom electrode. A detailed description of the construction of the 
EGaIn electrode can be found in Nijhuis work. 
 
Figure 1.31. Formation of reversible contacts with GaOx/EGaIn electrode on a SAM.179 
GaOx/EGaIn electrode forms a reversible contact with the substrate via 
Van der Waals interactions (Figure 1.31). When the junction is set, current 
density curves (J(V)) are run. Up to 15-25 different junctions with around 
78% of successful junctions (non short-circuited) with a single 
GaOx/EGaIn electrode can be built. Even more, excellent electrical 





1.2.6 Conducting Atomic Force Microscopy (C-AFM) 
Atomic Force Microscope (AFM) was developed by Bining, Quate and 
Gerber in 1986.188 Nowadays this technique is widely employed to obtain 
high-resolution images of a large variety of materials from solid-state 
systems to biomolecules.189,190 Similar to STM images, where the current is 
used as a feedback to place the tip into a certain distance of the surface, 
AFM uses the deflection of a cantilever when interacting with a surface as 
it passes through the topography. The deflection is controlled reflecting a 
laser on the cantilever and checking the reflected ray over a photodiode 
(Figure 1.32).  
 
Figure 1.32. Scheme of an Atomic Force Microscope. Adapted figure.191 
Electrical feedback is used to control a piezo, which maintains a constant 
cantilever deflection and hence, a constant force. Usually, contact mode is 
used to record the topology of hard surfaces. Soft materials, however, can 
be easily damaged because of the applied load and usually an intermittent 
contact (or tapping) mode is preferred.  
While the cantilever is following the topology of the surface in contact 
mode, it is possible to record the current in the range of nA or even pA. 
This makes possible the correlation between topology and current images 
(Figure 1.33). Thereafter, I(V) curves can be recorded over a selected area, 
in contrast to EGaIn top electrode where large ensembles of molecules 
are contacted. Notice that in C-AFM images the magnitude of the current 









applied during the topology measurement. Plus, the current strongly 
depends on contact area,192 which is most of the times difficult to 
estimate, and tip contamination.193 
 
Figure 1.33. A) Topology image of aryl diazonium salts on HOPG. The image shows four scratched 
squares with the AFM tip to obtain uncovered HOPG, as shown in the section line. C-AFM current 
images obtained under 0.5 V (B) and -0.5 V (C) show higher conductance on the scratched areas 
(uncovered HOPG) and very low conductance on the covered regions,194 
1.3 Landauer Formalism 
In the next two sections, it will be mathematically described how an 
electron travelling from a source electrode can go through the molecular 
junction and be transmitted to the drain electrode in a coherent regime. 
195–197 To this end, concepts from scattering theory will be used and will be 
related to the Green’s function formalism. To make it accessible, only the 
highlights will be reviewed keeping the underlying physical concepts as 




1.3.1 Previous considerations 
As announced in section 1.1.1, the electron will be strictly treated as a 
wave and travelling in an elastic tunnelling regime. This corresponds to 
large E-EF. Further approximations needed are: 
1. As Aviram and Ratner imagined, a nanoscale junction sandwiched 
between to electrodes, each open to a reservoir of electrons, will 
be employed. 
2. Existing an ideal steady state of the current is assumed (1.5). 
 ! ! = !" !!(!)! → !" !!!!! = ! = !"#$%&#% 1.5 
Where ρS is the density matrix written in the Schrödinger picture. 
3. The “openness” of the system is replaced by scattering boundary 
conditions. The open system is transformed in a closed by infinite 
quantum system composed of the sample sandwiched between 
two leads (Figure 1.34). 
 
Figure 1.34. Scheme of the system in the Landauer Formalism. 
4. The Hamiltonian can be written within the mean-field 
approximation. This approximation will be revisited in section 
1.4. 
5. Independent conduction channels. That is, electrons are assumed 
to be in a pure state. In the left/right reservoirs, electrons are in a 








local equilibrium corresponding to a Fermi-Dirac distribution 
(1.6). 
 !! ! ! =
1
!(!!!! ! )/!!! + 1 
1.6 
Hence, if |Ψ!(!)⟩ are electrons injected from the left (right) it is possible to 
write the statistical operator in 1.5 as 
 !!!! = !! !! !!
!
+ !! !! !!
!
 1.7 
1.3.2 Definition of the isolated electrodes 
It will be assumed that electrons travel only along the x direction and are 
confined in the y-z directions (Figure 1.34). The Hamiltonian for left and 
right leads is 
 !! = −
ℏ!
2! !
! + !! !!  1.8 
 !! = −
ℏ!
2! !
! + !! !!  1.9 
Where V(r⊥)  corresponds to a single-particle potential that confines 
electrons in the transverse direction of the propagation. The solutions of 









In equation 1.10, uα(r⊥)  is the transverse wavefunction. Along the x 
direction the electron behaves as a plane wave. Lx is just a normalisation 
length. These states satisfy the continuum orthonormality condition: 
 
!!" ! !!!!! ! =
2!
!!
! !! − ! !!!!  1.11 
1.3.3 Scattering in the nanojunction 




! + ! ! !!"(!) = !!!"(!) 1.12 
Ψ!" in the nanojunction can have a very complicated form. However, it is 
expected that deep into the electrodes x → ±∞, Ψαk must be somehow 
related with that shown in equation 1.10. Lets imagine a right-moving 
electron from deep into the left lead. When the electron hits the 
nanojunction, part of the wave is reflected and scattered into the left lead. 
The rest is scattered and transmitted deep into the right electrode. Thus it 
is possible to write Ψ!" as 
 
!!!! ! → !!"!!!!
!!!
!!!




!!!! ! → !!!! ! + ℛ!"!!!!
!!!
!!!




The subscript ! is used for incoming states and ! to the outgoing states. 
An incoming state is a wave that travels towards the nanojunction. Waves 
travelling away of the nanojunction are named outgoing states. Incoming 
states in the left lead have positive momentum +ℏki while outgoing states 
have negative momentum −ℏkf. The opposite signs are used for the right 
lead, in which the same reasoning can be done for left moving electrons. 
Hence, deep into the electrodes the asymptotic form of the wavefunction 
is a linear combination of outgoing states with complex coefficients !if 
and ℛif. 
1.3.4 Total current 
The average current state by a single channel in the nanojunction is 
expressed as 













As it was referred before, Ψiki has a complicated form. Luckily, as it is 
assumed ideal steady state (1.5), the current measured in a random pair of 
points in the system must be the same regardless of the chosen points. 
Hence, the current is calculated, for example, deep into the right electrode. 
Since independent channels are assumed, the total current is the sum of 
the individual current of all channels. Therefore, it is needed to multiply 
by the density of states Di (Ei ) of the system and integrate over the all the 
range of energies. 
For a one-dimensional problem (electrons are chosen to move strictly 








Then, the total current is calculated using 1.7, 1.13, 1.14 (for the right 
electrode), 1.15 and 1.16 
 ! = 2! !" !! !! !" !!!!! = 
= 2! !" !!
!!!
!
!! !! !! ! !! + !!
!!!
!
!! !! !! ! !!  
























!! − !! !(!) 
1.17 
Where it was defined Tif = |!if |2 vf(Ei)vi (Ei) and Rif = |ℛif|2 vf(Ei)vi(Ei). Notice that to 
write the last equality, it was considered that the transmission from left to 
right must the equal to the transmission from right to left: TLR(E) =TRL(E) = T(E). An expression for the current in given in Equation 1.17. 
Nevertheless, T(E)  obviously depends on the molecule in the 
nanojunction. In the following, the discussion will turn to obtain an 




1.3.5 Green’s function operator as a propagator 
From the general theory of differential equations, a Green’s function is a 
function that solves the Schrödinger equation such as 
 !ℏ !!" − !! !
±(! − !!) = 1!(! − !!) 1.18 
With formal solutions 
 !! ! − !! = −
!
ℏ !
!!!!!ℏ         !! ! − !! = 0                    ! − !! > 0 
!! ! − !! = 0                        !! ! − !! =
!
ℏ !
!!!!!ℏ         ! − !! < 0 
1.19 
The Green’s function works as a propagator of a state vector over time in 
the way 
 ! ! = !ℏ!! ! − !! ! !!            ! − !! > 0 
! ! = −!ℏ!! ! − !! ! !!         ! − !! < 0 
1.20 
where G+(t) is the retarded Green’s function and propagates the state 
vector into the future after t0. G−(t) is the advanced Green’s function and 
backtracks the state vector to a time before t0. Notice the pole of the 
function at t = 0. The Green’s function associated with Hamiltonian HS 
can be related to a free Hamiltonian H0 (without scattering because of 


















As it can be seen, equation 1.21 is recursive. If the series expansion 
converge, it is possible to condense it all as 
 !± ! − !! = !!± ! − !! + 











This equation is known as the Dyson equation. Notwithstanding, in the 
mean-field approximation: Σ±(t′ − t′′) = Vδ(t′ − t′′) . Hence, the Dyson 
equation is identical to the Lippmann-Schwinger equation. This will not be 
further true when many-body interactions are taken into account (section 
1.4). 
Equations 1.19 can be Fourier transformed as 
 
!± ! = 1! ± !" − !!
 1.23 
In which ! is an infinitesimal number needed to get around the pole at t = 0. Similarly, for equation 1.22 
 





The eigenstates of HS  satisfy the resolution of the identity. Thus, the 
spectral representation of the Green’s function 1.23 is 
 
!± ! = !!!,! !!!,!! − !!




The spectral representation is a clear link between the wavefunction of the 
system of interest and the Green’s function. Furthermore, note that the 
local density of states is 
 
! !,! = ! ! ! ! = ! !"#
!→!
! !
! ! − !! !
2! ! = 
= − 1! !" !
!(!, !,!)  
1.26 
Which is an ingredient needed for calculating the total current 1.17. 
1.3.6 Partition of the system 
 
Figure 1.35. Partition of the system. The central region is coupled to the electrodes but no direct 
interaction is considered between both leads. 
If a partition like the one shown in Figure 1.35 is considered, the 
























Solving the system of equations produces 
 ! − !! − !!"!!! ! !!" − !!"! !! ! !!" !! = 0 1.28 
As it was done for equation 1.18, for 1.28 it can be written 
 
! ! = 1! − !! − !! ! − !! !
 1.29 
Where it was defined ΣL(z) = VLC† GL(z)VLC and ΣR(z) = VCR† GR(z)VCR. If ΣL,R(z) is split into its real and imaginary parts 
 
! ! = 1! − !! − !" !! ! + !! ! − !"# !! ! + !! !
 1.30 
The density of states 1.26 is 




! − !! − !" !! ! + !! ! ! + !(!)/2 !
 1.31 
With Γ(E) = ΓL(E) + ΓR(E) and ΓL,R (E) = −2Im[ΣL,R(E)].  
Equation 1.31 has a Lorentzian shape with the eigenvalues of the isolated 
molecular Hamiltonian HC shifted by Re[ΣL(E) + ΣR(E)] and broadened 
at half maximum by Γ(E), a result expected in section 1.1.1. Even more, if Γ(E) → 0  then Di(E) → δ(E − Ei) , which is the picture imagined in 




1.3.7 Landauer Formula 
In sections 1.3.5 and 1.3.6 the Green’s functions were introduced. In a 
similar fashion as that used to obtain equation 1.17 from the 
wavefunctions of the isolated electrodes (1.10) and the full system (in fact, 
the asymptotic forms 1.13 and 1.14), it is possible to obtain an expression 
for T(E) from the Green’s function of the isolated electrodes and the 
asymptotic form of the full system Green’s function. 
The retarded Green’s function in the position basis of the isolated lead can 
be obtained from the spectral representation 1.25 and the wavefunction 
1.10. 
 








!!(!!! ) 1.32 
From scattering theory, the position representation of the Lippmann-
Schwinger equation for a scattered wavefunction is 
 !!!!! ! = !!!! ! + !!! !!! !, !!,! ! !! !!!!! !!  1.33 
Working out equations 1.32 and 1.33, it can be rewritten equations 1.13 
and 1.14 from deep into the left and right leads as 
 
!!,!! ! →


























(!), ! → −∞






(!), ! → +∞
 1.35 
The transmission T(E) defined in 1.17 is now redefined as 
 










!!"∗ = !" !!!  1.36 
If a point rL sufficiently deep into the left electrode and an equivalent 
point rR in the right electrode are taken into account, the Green’s function 
that propagates an electron from left to right electrode G+(rR, rL, E) can be 
calculated using the spectral representation 1.25 and equations 1.34 and 
1.35. 
 








!!,! !!"!!(!!,!)!! !!!!!!!!!  1.37 
The transmission amplitude τif can be obtained inverting 1.37 
 !!" = !ℏ !!!! !!!,! !!!,! !!∗ !!,! !! !! , !! ,! !!(!!,!) 1.38 




 ! ! = !" !!! = 
= !!!,! !!!,! !!!,!! !!!,!! !! !!,!! , !!,! !! !!,! , !!,! ,!  × 
× !!(!!,! , !!,!! )!! !!,!! , !!,!! ,!  
1.39 
where it was defined ΓR(r⊥,R′ , r⊥,R) = uf(NeRf=1 r⊥,R′ )ℏvfuf∗(r⊥,R)  and ΓL(r⊥,L, r⊥,L′ ) = ui(NeLf=1 r⊥,L)ℏviui∗(r⊥,L′ ). 
Finally, if a discrete-space representation is used, equation 1.39 is 
 ! ! = !!" = !!" = !" !!!!!!!! = !" !!!!!!!!  1.40 
Known as the Caroli formula.198,199 Substituting 1.40 into 1.17 we get 
 
! = !ℏ! !"
!
!!
!! − !! !" !!!!!!!!  1.41 
Which is the Landauer formula, valid for single electrons travelling in a 
mean-field potential.200 
1.4 Green’s function formalism 
Within the Landauer formalism, electron transport is treated as a steady-
state phenomenon happening at equilibrium and picturing electrons 
moving in a mean-field potential (section 1.3.1). Although a big piece of 
the physics are understood with this simple image, the electron transport 
is intrinsically a non-equilibrium phenomenon. Moreover, electrons are 
actually interacting in a many-body potential. To take into account many-




wavefunction is convenient. In the following discussion, these two 
approximations considered in the Landauer approach will be overcome. 
1.4.1 Equilibrium Green’s function 
Before heading the non-equilibrium problem, the equilibrium assumption 
will be kept and introduced the many-body interactions in the 
nanojunction. The leads are limited to the mean-field approximation; 
otherwise no closed form of the Green’s function can be obtained. 
The many-body equilibrium Green’s function is defined as 
 ! !, !; !!, !! = − !ℏ ! !! !, ! !!
! !!, !! = 
= − !ℏ !" !!
!"! !! !, ! !!! !!, !!  
1.42 
Where T ⋯  is the time-ordering operator that sorts the field operators 
earlier in time to the right. For fermions (electrons) it is 
 ! !! !, ! !!! !, ! = 
= ! ! − !! !! !, ! !!! !!, !! − ! !! − ! !!! !!, !! !! !, !  
1.43 
The many-body Green’s function is no longer a Green’s function in the 
mathematical sense (1.18) except for the free-particle case.195 Other useful 




 !! !, !; !!, !! = − !ℏ ! ! − !
! !! !, ! ,!!! !!, !!  
!! !, !; !!, !! = !ℏ ! !
! − ! !! !, ! ,!!! !!, !!  
!! !, !; !!, !! = !ℏ !!
! !!, !! !! !, !  
!! !, !; !!, !! = − !ℏ !! !, ! !!
! !!, ! ! 	
1.44 
Which are, in order, the retarded, advanced, lesser and greater many-body 
equilibrium Green’s functions that are related via 
 !! − !! = !! − !! 1.45 
The equilibrium Green’s function formalism is formally equivalent to the 
Landauer approach, except that the Dyson equation 1.22 is now holding 
the many-body interactions in the nanojunction. Equations 1.26, 1.40 and 
1.41 are valid under the equilibrium approximation. In the next section the 
non-equilibrium is introduced via time-dependent perturbation theory. 
1.4.2 Non-equilibrium Green’s function 
The time-dependent perturbation of the electrodes is introduced 
adiabatically for t > t0 so that the total Hamiltonian is 
 ! ! = !! + !! !  1.46 





! ≤ !! =
!!!!/!!!
!!
≡ !!!" 1.47 
Within these considerations, the expectation value of an operator written 
in the Heisenberg picture is, similarly to 1.15 
 
!!(!) = !" !!!"!! =
!" !!!!/!!!! !!, ! !!!(!, !!)
!" !!!!/!!!  
1.48 
Notice that ρCeq can be reinterpred as the evolution operator of the system 
from time t0 to complex time t0 − iℏ/kBT, U(t0 − iℏ/kB, t0, ). Thus, 1.48 
can be understood as the propagation of the system in a time contour 
from t0 to t, then going back from t to t0 and finally moving to complex 
time t0 − iℏ/kBT (Figure 1.36). 
 
Figure 1.36. Time contour to evaluate the expectation value of an operator. This contour is also known 
as the Keldysh contour. 
Then, the operator AH(t) can be written as the contour time ordering 
 





!!! !  1.49 
Where C is the piece of the contour t0 → t → t0 (Figure 1.36).  
Since 1.49 is written in the equilibrium Hamiltonian H0 , many-body 
perturbation techniques can be applied. In such time-dependent 






Likewise for the equilibrium case (1.42), the contour ordered non-
equilibrium Green’s function is defined as 
 ! !, !; !!, !! = − !ℏ !! !! !, ! !!
! !!, !! = 
= − !ℏ !" !(! = !!)! !! !, ! !!
! !!, !!  
1.50 
Other Green’s functions definitions in reference to Figure 1.36 
 
! !, !; !!, !! =
!! !, !; !!, !! , !, !!  ∈ !!
!! !, !; !!, !! , ! ∈ !!, !!  ∈ !!
!! !, !; !!, !! , ! ∈ !!, !!  ∈ !!
!! !, !; !!, !! , !, !!  ∈ !!
 1.51 
Where the new !!  and GC  are the contour-ordered and anti-contour 
ordered Green’s function. Retarded and advanced Green’s function in 
1.44 and the relation 1.45 can be used as well.  
The Dyson equation 1.22 for non-equilibrium is now transformed to 
 ! 1; 1! = !! 1; 1! + !2 ! 1; 2
!!
!! 2 !! 2; 1! + 
+ !2 !3
!!
 ! 1; 2 ! 2; 3 !!(3; 1!) 
1.52 
To compact the notation, n = rn, tn was defined. Contour C runs along the 
whole contour (Figure 1.36) and C′ along the real time axis t0 → t → t0. 
Analogous definitions of G are applicable to Σ (1.51). To calculate the 
transport properties, the same partition of the system employed in the 
Landauer approach (section 1.3.6) is used but, this time introducing the 





Figure 1.37. Scheme of the system in which the perturbation of the system is turned on after t0. 
The full Hamiltonian of the partition is 
 ! = !! + !! + !! + !!" + !!" + !!"! + !!"!  1.53 
The isolated leads lesser Green’s function is considered under a mean-field 
potential in equilibrium. From 1.44 the Fourier transform expressed in an 
eigenfunction basis is 
 !! ! ,!! ! = 2!!!, ! ! !(! − !! ! ,!) 1.54 
For convenience, the current will be defined as the expectation value of 








ℏ !!" + !!"
! ,!!  1.55 
Replacing in 1.55 the definition of the operator VLC = Vnk,Lak,L†nk,L cn 















Where ak,L†  is the creation operator in the lead and cn is the annihilation 










After a long derivation, starting from the equation of motion of Gnk,L< (t −t′), defining the contour-ordered version of Gnk,L<  and obtaining the lesser 
Green’s function from the correct segments of the contour (Haug and 
Jauho)201 one finds 
 !!",!! ! = !!",!∗
!
!!"! ! !!,!! + !!"! (!)!!,!!  1.58 
Where ! and ! states are arbitrary states of the central region and ! are 
states from the left lead. 
Defining the matrix 
 !! = !! !! !" = 2! !! !! !!,!
!
!! !!,!∗ (!!) 1.59 





2! !" !!(!) !
! ! + !!(!) !! ! − !!(!)  1.60 
With the lesser, retarded and advanced Green’s function single-particle 
Green’s function of the central region in the presence of the leads. The 




In an ideal steady state, IL = −IR. The symmetrised version of the current I = (IL − IR)/2 is finally 




2! !" !! ! − !! ! !
! !
+ !! ! !! ! − !!(!)!! !! ! − !!(!)  
1.61 
In which the factor of 2 appears for spin degeneracy.  
Note that, comparing 1.61 and 1.41, in the presence of interactions, and 
taking into account the non-equilibrium nature of electron transport, the 
concept of transmission is lost. Furthermore, the Green’s functions 
involved are generally not known.  
Despite the effort to obtain a very fine description of current in the non-
equilibrium Green’s function formalism, whenever the Green’s functions 
are calculated within the mean-field approximation, the Landauer formula 
1.41 can be recovered from equation 1.61. 
1.5 Computational flow charts  
In the last sections, three different approaches to calculate the current of a 
nanojunction were discussed. Figure 1.38 summarizes the main 





Figure 1.38.Flow chart summary of the three main approaches to calculate electron transport 
properties. 
Essentially, to compute the current of a nanojunction the Hamiltonian and 
overlap matrix of the isolated leads (HL(R), SL(R)) and the nanojunction 
(Hjunc, Sjunc) are needed (Figure 1.39). Luckily, there are many codes that 
provide the electronic structure compatible with electronic transport 
codes. Among those, SIESTA,202,203 ATK,204 FHI-AIMS205 and ADF206 are 
widely employed. These four packages have a native module to calculate 
electrical properties (ΣL(R), ΓL(R), Gjunc, T(E), I). SIESTA/TranSIESTA207 
and ATK calculate the electronic structure with LDA and GGA 
functionals, and the transport properties can be modelled within the 
NEGF formalism. It is possible to include the Hubbard correction to 
amend self-interaction error. Hybrid functionals are included in FHI-
AIMS and ADF quantum codes. Nonetheless, transport calculations are 
restricted to zero voltage in FHI-AIMS/AITRANS208–210 and the self-
energies of the electrodes are calculated within the wide-band limit (WBL) 
in ADF. This approximation assumes that the density of states of gold in 





















Figure 1.39. Flowchart to calculate the electron transport in a nanojunction.  
Post-processing tools as GOLLUM211 and ARTAIOS212,213 produce 
excellent results and open the range of quantum codes. Gollum obtains 
the transport properties within the EGF formalism and is compatible with 
Wannier90,214 Castep,215 VASP,216–218 ABINIT,219,220 Quantum Espresso221 
and SIESTA. ARTAIOS permits the use of hybrid functionals being 
compatible with Gaussian222 and ADF. In this case, the transmission is 
obtained at zero voltage and within the WBL approximation. 
Although many-body interactions and non-equilibrium can be included in 
the calculations, the electronic structure of the leads and nanojunction are 
most of the time calculated within the mean-field approximation. Many-
body interactions can be introduced via GW approximation,223 but this 
procedure is still too costly for taking them into account in a regular basis. 
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2 SUPRAMOLECULAR LANDSCAPE OF 
CODPP 
2.1 Motivation 
The aim of this chapter is to find highly conductive magnetoresistance 
molecular junctions at room temperature. This sort of junctions is a 
necessity to built spin valves (section 1.1.6) based on molecular 
nanojunctions, which constitutes the core of spintronics.  
Taking a look at section 1.1.1, reducing the parameter E − EF  and/or 
increasing the broadening of the molecular level Γ as much as possible is 
needed to obtain highly conductive molecular junctions. To reduce E − EF 
energy difference, nanojunctions based on supramolecular interactions 
such as π- π stacking are excellent candidates.  Weak interactions do not 
push molecular orbitals far away from the Fermi level, thus obtaining 
better conductance, a priori. However, in this kind of junctions the 
broadening of the molecular levels is usually low. Luckily, increasing the 
electrode-molecule contact area and reducing the interelectrode distance, 
as shown in the results of this chapter, can counterbalance this. 
Porphyrins have been extensively studied as molecular wires because of 
their high chemical stability, conjugation and very rich supramolecular 
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chemistry.1–5 Furthermore, metalloporphyrins are an amazing testbed to 
introduce magnetoresistance and tune the response by changing the metal 
centre (chapter 3). In previous studies, metalloporphyrines have been 
connected to metal electrodes by directly lying flat on the metal surfaces 
via π orbital interaction or by covalently anchoring the porphyrin through 
ring substituents,6–9 obtaining conductance values of around 10-5 G0. In 
this chapter, the conductance landscape of a metalloporphyrin-based 
supramolecular wire under mechanical stress will be studied by 
systematically introducing structural changes of both the axial coordinative 
ligands and the porphyrin chemical substitution.9–13 The axial ligands will 
act as anchoring groups or linkers, mimicking the common natural 
schemes exploited in the chemistry of photosynthetic and transmembrane 
electron transport.14,15 Magnetoresistance of metalloporphyrins will be 
faced in the next chapter. 
2.2 Previous work 
In 2014, Aragonès and co-workers presented a new approach to form 
single molecule junctions with porphyrin molecules.16,17 Essentially, they 
functionalised both the tip and the substrate with pyridine-4-yl-
methanethiol (from now on, PyrMT) which is anchored to gold through a 
covalent Au-S bond. With the modified gold tip and monocrystalline 
Au(111) surface, they run STM-BJ experiments (section 1.2.1) on a free 
base porphyrin 5,15-diphenylporphyrin (DPP) with no metal centre and 
on CoII-5,15-diphenylporphyrin (CoDPP). In the latter case, the formation 
of a junction due to PyrMT-CoII coordination should be expected.  
The accumulation of hundreds of STM-BJ18 I(z) traces (section 1.2.4) 
yields the conductance histograms shown in Figure 2.1. 




Figure 2.1. STM-BJ conductance histograms for DPP and CoDPP employing functionalised gold tip 
and subtrate with PyrMT (left). Aragonès proposed junction for the high conductance peak (right). 
Adapted figure.16 
As may be observed, CoDPP and DPP share the two lowest conductance 
peaks at 9·10-3 G0 and 3·10-3 G0. Strikingly, CoDPP exhibits an additional 
conductance peak at 3·10-2 G0, presumably metal-related, 3 orders of 
magnitude higher than those found previously from porphyrin molecules 
of similar length but directly connected to the electrodes. It is worth 
mentioning that the three conductance signatures can be seen during the 
same trace, suggesting an interelectrode distance correlation between 
them. 
It is well known that STM-BJ (tapping) may lead to stretch-dependent 
conductance because of the force applied when the tip in driven in and 
out of the surface.19 To rule out this, and to understand the origin of the 
multiple conductance peaks, blinking experiments were carried out, which 
also gave insight on the lifetime of the different nanojunctions.20 Figure 
2.2A shows the typical blinking traces at different tip-surface distances. The 
accumulation of such traces is then plotted into 2D maps and compared 
to those obtained in STM-BJ mode. The conductance values obtained for 
medium (MC) and low conductance (LC) peaks are consistent between 
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both methods for CoDPP and DPP (Figure 2.2B). Moreover, the former 
also presents the additional high conductance peak (HC). The absence of 
either the porphyrin molecule or the PyrMT linker shows no blinking 
events under the same experimental conditions. 
 
Figure 2.2. Individual blinks for DPP and CoDPP (A) and accumulation of blinking experiments (B and 
C).16 
From the blinking traces (Figure 2.2A) it is readily observed that the tip-
surface separation increases as the conductance diminishes. Moreover, the 
lifetimes of the junctions formed are larger for HC and decrease as the 
conductance is reduced. The existence of the HC peak in both kinds of 
experiments evidences that CoII is involved directly in the molecular 
junction for that peak. These results seem to point to a hexacoordinated 
CoII centre for the HC peak21 and a stretched analogue or hydrogen bond 
related conformations for MC and LC peaks.  
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Although some theoretical efforts have been done to explain the observed 
experimental features, no adequate rationalisation was found.22 
To gain more insight, the discussion was extended to include two new 
linkers: pyridine-4-yl-methanethiol (PyrMT) and 4-pyridinethiol (PyrT). 
Following the same procedure, the employed electrodes were 
functionalised ex situ exposing them to a 5 mM ethanolic solution of PyrT 
(or PyrMT) for 24h. Afterwards they were washed with ethanol and dried 
under an argon stream.  
 
Figure 2.3. Semi-log conductance histograms for CoDPP/PyrMT function (A) and CoPP/PyrT (B). The 
same experiment is performed over DPP/PyrMT (C) and DPP/PyrT (D) junctions. Insets show 
individual I(z) traces of the STM-BJ. These traces show strong correlation between peaks I, II and III 
(consecutive appearance). Adapted figure.23  
Junctions of 5,15-diphenylporphyrin (DPP) and its CoII analogue 
(CoDPP) were measured with functionalised gold tip and substrate with 
both linkers independently (Figure 2.3). Comparing DPP and CoDPP 
junctions it can be observed that peak I is missing for both linkers. Hence, 
the notion of a metal-dependent conductance peak is reinforced.  




Figure 2.4. Semi-log conductance histograms for CoP/PyrMT function (A) and its free base analogue 
P/PyrMT (B). The same experiment is performed over CoP/PyrMT (C) and P/PyrT (D) junctions. Insets 
show individual I(z) traces of the STM-BJ.23 
Beyond the role of CoII centre and the linker employed, one last actor left 
is the lateral phenyl ring of DPP. This side group is capable of forming π-π stacking-based nanojunctions. To obtain more information related with 
conductance features II and III in Figure 2.3, additional experiments were 
carried out on unsubstituted CoII porphyrin (CoP) and its free base 
analogue (P) with both linkers (Figure 2.4). The elimination of the 
plausible phenyl ring interactions results in the removal of one 
conductance signature (Figure 2.3A and Figure 2.4A, for example), as 
observed when the tip functionalization is changed from PyrMT to PyrT 
(Figure 2.3A and B). 
The experiments above show that CoDPP exhibits a rich supramolecular 
landscape of high conductance junctions ranging from 10-4 G0 to more 
than 10-2 G0. Note, however, that the actual geometry of the nanojunction 
is still unknown. 




Regarding the previous work of Aragonès, a full rationalisation of the 
supramolecular landscape of CoII-diphenilporphyrin junction (Figure 2.5) 
is provided herein. Theoretical work along with experimental 
corroborations based on XPS and ellipsometry measurements is done.  
 
Figure 2.5. Summary of the nanojunctions studied to resolve the supramolecular scenario of CoDPP 
molecular junctions.23 
2.3.1 Computational details 
The proposed nanojunctions were sandwiched between five Au layers of 
5x4 surface unit cell. The electronic structure of this system was obtained 
with the SIESTA24,25 code along with the PBE+U (U = 4.0 eV)26 
functional. The transmission spectra was obtained by employing the 
GOLLUM27 quantum transport code (section 1.5). To obtain the 
conductance values from transmission, G was computed as G = T(EF)G0, 
which is a valid approximation for small biases.28 
The nanojunction geometries were optimised up to atomic forces below 
0.04 eV/Å, the last three layers of gold electrode on both ends were only 
allowed to move along the axis as a rigid block. In this manner, the 
electrode is well described to obtain the incoming states (section 1.3.3) 
while optimising the interelectrode distance. Van Voorhis functional29,30 
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was chosen to include dispersion effects and a Hubbard correction (U = 
4.0 eV) was added to obtain semiquantitative conductance values, which 
provide a better description of the frontier orbital energies.  
The wavefunction was expanded using double-ζ  polarised (DZP) basis set 
with valence pseudopotentials for all atoms, except Co, in which semicore 
3p orbitals were considered. In the case of Au, the most abundant atom in 
the calculations, 11e- pseudopotential was used for optimisations whilst 1e- 
pseudopotential and single-ζ  polarised (SZP) basis set were chosen in the 
transport calculations to manage a 21x27x1 k-point grid for the whole 
system and 21x27x51 for the isolated electrode.31 
In the case of the optimisation of pyridine-4-yl-methanethiol (PyrMT) and 
4-pyridinethiol (PyrT) on the Au(111) surface, pair dispersion models 
such as the van Voorhis functional fail to properly describe the system. In 
those cases, FHI-AIMS32 was employed to compare the relative energies 
for lying down and standing up conformations within a many-body 
approach33 implemented in the code using PBE functional and a tight 
basis set.34,35  
2.3.2 Characterisation of functionalised electrodes 
The substrate and the tip were functionalised prior to the experiments 
with either pyridine-4-yl-methanethiol (PyrMT) or 4-pyridinethiol (PyrT), 
as shown in section 2.2. In the case of PyrT on Au in ethanol, the 
decomposition of the monolayer has been reported under the presence of 
O2.36 To keep the functionalised surface under anaerobic conditions, the 
PyrT/Ethanol solution was purged with N2 and the substrate was 
preserved under N2 and kept away of direct light exposure to avoid photo-
generation of radical species.37 
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The X-ray photoelectron spectroscopy (XPS) data demonstrates that the 
procedure to build up the PyrT monolayer produces a fairly stable self-
assembled monolayer when immersed overnight. As shown in Figure 2.6, 
there are significant amounts of N, C and S in the sample. The high-
resolution scans show a 3:1 relation of S:N elements, demonstrating that 
although part of the monolayer may decompose, there is a significant 
amount of PyrT on the Au surface (Figure 2.6). 
 
Figure 2.6. XPS characterisation of the PyrT-functionalised Au(111) surface (left) and the high-
resolution scans for C, N and S elements (right).23 
Further characterisation was done using ellipsometry to elucidate how 
PyrT and PyrMT interact with CoDPP. A solution of 3 mg of CoDPP and 
2 mg of linker in 20 mL of chloroform was prepared. The solubility of 
CoDPP is rather low at room temperature, thus the solution was first 
filtered before use. After filtration, the resultant solution has a CoDPP 
concetration around 1·10-4 M. Then, a Au(111) monocrystal is dipped 
during 20 min and dried afterwards under dry N2. The Au(111) 
monocrystal was previously cleaned under piranha solution (3:1 of 
H2SO4:H2O2 concentrated) for three cycles of 20 minutes, rinsed with 
water and annealed with H2 flame. 
These measurements were carried out with an alpha-SE Ellipsometer from 
J.A. Woollam Ellipsometry Solutions. The data was acquired within a 
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wavelength range of 380-900 nm and angles of incidence of 65, 70 and 
75º. The monolayers were modelled as a Cauchy optical layer with an 
Urbach absorption tail on a Au(111) and fitted with the CompleteEASE 
software to obtain the layer thickness (Figure 2.7). 
 
Figure 2.7. Ellipsometry data for CoDPP/PyrT (top) and CoDPP/PyrMT (bottom). Both monolayers are 
described as a Cauchy layer. For PyrT n(λ)=1.754 ± 0.025 and Urbach absorption tail of k = 0.202 ± 
0.008 with MSE = 2.451. For PyrMT, n(λ)=1.516 ± 0.042 and k = 0.156 ± 0.012 with MSE = 2.889.23 
From these experiments, a 13.0 ± 0.3 Å layer thickness for CoDPP/PyrT 
and 11.6 ± 0.6 Å for CoDPP/PyrMT were found. Further discussion of 
these results can be found in the next section. 
2.3.3 Metal related conductance signatures 
Due to the lack of direct observation of the created junctions, theoretical 
calculations are crucial for the complete understanding of STM-BJ 
experiments. The discussion in this section will be restricted to resolve a 
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sensible junction for peak I. Peaks II and III are common for both 
CoDPP and DPP, thus related with a linker/DPP interaction. These two 
peaks will be discussed in the next section. 
As Aragonès et al. proposed, from a coordination chemistry point of view, 
that the most common educated guess for a nanojunction through the 
CoII centre should be a hexacoordinated metal centre (Figure 2.8). 
However, the calculated conductance using a PBE+U approach with this 
structural arrangement is 7.5·10-5 G0, diverging three orders of magnitude 
from the experimental value.  
 
Figure 2.8. CoDPP/PyrMT hexacoordinated junction (left), Projected Density of States (centre) and 
transmission spectrum (right). Adapted figure.23 
Such discrepancy is too large to be associated with the approximations 
used in the DFT calculations or in the transport formalism itself. DFT is 
well known to underestimate the HOMO-LUMO gap, and thus the 
conductance value should be overestimated. For this reason, the Hubbard 
correction stated previously was applied. 
To face the structural analysis of the linker/CoDPP/linker adduct 
constrained in a tunnelling gap, it is reasonable to go back to basics and 
optimise both linkers on a Au(111) surface. In this case, a many-body 
approach is chosen to obtain accurate energies for comparison. As a 
result, two main optimised geometries were found: a standing up and a 
lying down conformation for each linker (Figure 2.9). 




Figure 2.9. (A) PyrMT standing up, (B) PyrT standing up, (C) PyrMT lying down and (D) PyrT lying 
down geometries. Adapted figure.23 
The lying down PyrMT (Figure 2.9C) is 14.0 kcal/mol more stable than 
the standing up PyrMT conformer (Figure 2.9A). The same happens for 
the lying down PyrT (Figure 2.9D), although it is only 6.0 kcal/mol more 
stable than its lying-up counterpart. This suggests a more pronounced 
tendency of PyrT to be standing up (Figure 2.9B) when forming a part of 
a compact monolayer, as the one prepared for the experiments. STM 
imaging previously reported suggests a lifted conformation for the PyrT 
monolayer.36,38 
These computational results suggest that PyrMT might interact with 
CoDPP via a !-! interaction, whilst PyrT is expected to form the CoII 
hexacoordinated junction. To corroborate this, ellipsometry measurements 
have been done on a linker/CoDPP/linker molecular layer on Au(111). 
The resulting thickness for PyrMT/CoDPP/PyrMT is 11.6 Å and 13.0 Å 
is scored for PyrT/CoDPP/PyrT. As the linker employed is in excess in 
both cases, the measured thickness will be underestimated. The obtained 
thicknesses support the idea of a lying down PyrMT when interacting with 
CoDPP and a standing up PyrT coordinating the CoII centre (Figure 2.10). 
C! D!
A! B!
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If both linkers were to be standing up or lying down, PyrMT adducts 
should be expected to be thicker. The experimental results, nonetheless, 
point out that PyrMT adducts are thinner. Thus, only a lying down PyrMT 
and a standing up PyrT seem to explain the obtained results. 
 
Figure 2.10. Scheme of the ellipsometry measurements of lying down and standing up 
linker/CoDPP/linker adducts for PyrMT and PyrT. The ellipsometric thickness is represented as a bold 
dashed line. Adapted figure.23  
Note that the ellipsometry analysis might differ from the actual 
nanojunctions. When the two electrodes are considered, it is expected to 
have both axial PyrMT in a lying down configuration. Notwithstanding, 
the ellipsometry measurements highlight that PyrT is a more rigid linker 
and significantly decoupled from the metal (thicker measured layer) while 
PyrMT is flexible, providing thinner layers despite of its larger molecular 
length. 
Guided by the ellipsometry data, the PyrMT/CoDPP/PyrMT and 
PyrT/CoDPP/PyrT adducts were optimised with PyrMT lying down and 
PyrT standing up but keeping the axial N-Co bond, as suggested by the 
experiments (Figure 2.11). 
Au(111)
17.4 Å














Figure 2.11. On top panel, proposed nanojunction of CoDPP/PyrMT peak I (top left), projected density 
of states on the molecule (top centre) and transmission spectrum (top right). On the bottom panel, the 
corresponding to CoDPP/PyrT. Adapted figure.23 
The computed conductances at zero bias are 6.84·10-2 G0 and 2.46·10-4 G0 
for the PyrMT and PyrT junctions, respectively, in excellent agreement to 
peak I (Figure 2.3A and Figure 2.3B). Although PyrMT and PyrT linkers 
are very similar, surprisingly different nanojunctions are obtained. The 
extra methylene group in PyrMT allows the successful combination of 
covalent Au-S and Co-N bonds plus !-interaction of the ring with the 
gold surface. PyrT, on the contrary, prefers to keep a solid Au-S bond and 
tends to adopt a more orthogonal coordinative geometry. The much 
shorter junction length of PyrMT/CoDPP/PyrMT junction readily 
explains the higher conductance observed. 
Peak I of CoP/PyrMT (Figure 2.4A) and CoP/PyrT (Figure 2.4C) 
junctions can be related to equivalent junctions regarding CoDPP/PyrMT 

























































Supramolecular Landscape of CoDPP 2 
 
113 
for these junctions is 3.67·10-2 G0 and 2.11·10-4 G0, respectively, in good 
agreement with the experimental values of 9.31·10-2 G0 and 1.51·10-4 G0 
(Figure 2.12). As observed in the analogous peak I for CoDPP and DPP, 
the PyrMT junctions exhibit broader transmission peaks than those for 
PyrT, which should be expected from the ellipsometry measurements 
because of the decoupling introduced by the rigid linker. 
 
Figure 2.12. On top panel, proposed nanojunction of CoP/PyrMT peak I (top left), projected density of 
states on the molecule (top centre) and transmission spectrum (top right). On the bottom panel, the 
corresponding to CoP/PyrT. Adapted figure.23 
2.3.4 Through-backbone conductance signatures 
Turning the attention to features II and III, the absence of metal centre 
and lateral phenyl rings along with the rigid PyrT linker on P/PyrT 
junction yields a silent conductance histogram (Figure 2.4D). Probably, no 
stable junction can be formed in the explored conductance window. 
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similar value appears again for CoP/PyrMT peak II (Figure 2.4A). A 
sensible junction for P/PyrMT might be a !-!  stacking of PyrMT-P-
PyrMT moieties. The flexibility of the PyrMT linker allows the formation 
of such junction for the free base porphyrin, whilst PyrT cannot be 
accommodated to furnish this sort of interaction (Figure 2.13).  
 
Figure 2.13. On top panel, proposed nanojunction of CoP/PyrMT peak II (top left), projected density of 
states on the molecule (top centre) and transmission spectrum (top right). On the bottom panel, the 
corresponding to P/PyrT. Adapted figure.23 
The calculated conductances for both junctions are 5.15·10-4 G0 and 
4.40·10-4 G0 for CoP/PyrMT and P/PyrMT, in close agreement with the 
experimental values 3.01·10-4 G0 and 2.24·10-4 G0. Despite that there is no 
direct interaction between the linkers and the CoII centre, a small effect on 
the conductance is observed both in experiments and calculations. The 
metal centre slightly increases the conductance because of the proximity of 
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transmission channel (Figure 2.13, top right). These two orbitals are, of 
course, missing in the P/PyrMT junction (Figure 2.13, bottom centre). 
 
Figure 2.14. On top panel, proposed nanojunction of CoDPP/PyrT peak III (top left), projected density 
of states on the molecule (top centre) and transmission spectrum (top right). On the bottom panel, the 
corresponding to DPP/PyrT. Adapted figure.23 
Knowing that π - π  supramolecular interactions are effective to form 
nanojunctions, CoDPP/PyrMT and CoDPP/PyrT conductance peaks II 
and III (Figure 2.3) are now considered. Focusing first on feature III of 
DPP/PyrT (Figure 2.3D), it can be easily noticed that this junction and 
P/PyrT junction (Figure 2.4D) peak III must be related to the phenyl 
rings. Two analogous junctions are found for CoDPP/PyrT (Figure 2.14) 

























































Figure 2.15. On top panel, proposed nanojunction of CoDPP/PyrMT peak III (top left), projected 
density of states on the molecule (top centre) and transmission spectrum (top right). On the bottom 
panel, the corresponding to DPP/PyrMT. Adapted figure.23 
In this junction, PyrT can interact with the lateral phenyl rings keeping a 
tilted standing up arrangement. The calculated conductance for peak III 
for CoDPP/PyrT and DPP/PyrT are almost the same 1.37·10-5 G0 and 
1.48·10-5 G0 in very good agreement with the experimental conductance 
1.71·10-5 G0 and 1.56·10-5 G0, respectively. Another feasible conformation 
for this peak could be a pentacoordinated junction. However, the 
geometry shown in Figure 2.14 is 12.6 kcal/mol more stable than this 
pentacoordinated geometry. Furthermore, the experimental data indicate 
that the DPP/PyrT peak III exists even in the absence of the metal centre, 
thus highlighting the metal-independent character of peak III. 
The DPP/PyrMT Peak III junction (Figure 2.15) scores a conductance 
value two orders magnitude larger than the DPP/PyrT analogue. Again, 
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contact area with the electrodes as deduced from the comparison of the 
transmission peaks broadening in Figure 2.14 and Figure 2.15. 
Finally, peak II of Figure 2.3 could be tentatively related with the junction 
presented in Figure 2.13. However, this conformation seems to be 
hindered by the phenyl rings of DPP. Instead, an intermediate 
conformation in which one PyrMT is interacting with the pyrrolic ring of 
the DPP is obtained while the second PyrMT linker interacts directly with 
the phenyl ring (Figure 2.16). 
 
Figure 2.16. On top panel, proposed nanojunction of CoDPP/PyrMT peak II (top left), projected density 
of states on the molecule (top centre) and transmission spectrum (top right). On the bottom panel, the 
corresponding to DPP/PyrMT. Adapted figure.23 
The calculated Peak II conductance values are 6.81·10-3 G0 for 
CoDPP/PyrMT and 6.32·10-3 G0 for DPP/PyrMT, respectively, in fair 
agreement with the experimental observation. 
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junctions. Although there is no straightforward reasoning to explain such 
behaviour, it can be tentatively ascribed to two different electrical 
contributions. On one hand, the phenyl substitution might bring the 
energy of the HOMO orbital closer to the Fermi energy via electron 
donation by resonance,39–42 hence increasing the conductance value. Such 
resonance is expected to be larger for the pyridine/porphyrin ring 
interaction, as shown for feature II. On the other hand, the presence of 
the phenyl rings enlarges the electrical contact area, producing an 
increased conductance. 
2.3.5 Supramolecular landscape 
Along the previous section, several junctions that explain successfully the 
experimental data are presented and allow creating a picture of the rich 
supramolecular landscape when building nanojunctions based on 
diphenylporphyrins (DPP). The richness of this sort of junctions lies on 
the chosen metal centre and the interplay between the lateral substitutions 
of the porphyrin and the chosen linker. 




Figure 2.17. Cartoon diagram of the supramolecular landscape of all the nanojunctions studied along 
the study. Representations of the structural DFT models are draw for each conductance signature. The 
conductance values are displayed in the x-axis in G0 units. Blue colour corresponds to both axial 
linkers interacting with the metal centre. Green stands for junctions interacting with one phenyl ring 
and red when interacting with both phenyl rings. Yellow is for pyrrolic link interactions. Dashed lines 
represents calculated values and the solid ones the measured value.23 
Figure 2.17 serves as a summary of plausible molecular junctions and 
allows the comparison between the experimental observations and the 
proposed computed molecular junctions. As it can be observed, the 
overall agreement between experimental and calculated conductance 
values is usually very good. Furthermore, the proposed geometries are 
respectful with the dynamic picture of the STM measurement: consecutive 
plateaus in the individual conductance traces pairing peaks I-II and peaks 
I-III show a very good agreement between the experimental interelectrode 
distance and the calculated separation. The measured separations for 
CoDPP/PyrMT junction are 6.98, 8.00 and 8.14 Å for features I, II and 
III, respectively, when the 5 Å gold snap-back is added.43 The calculated 
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electrode-electrode separation follows the same trend: 9.36, 10.5 and 10.7 
Å. The small discrepancy can be a manifestation of the out-of-equilibrium 
nature of the STM measurements. Still, the correlation between interaction 
energies and plateau length (Figure 2.18) is very good, indicating that 
equilibrium geometries should be reliable to understand the dynamic 
supramolecular wire formation.  
 
Figure 2.18. Plateau length histograms of the main observed junctions and the calculated interaction 
energy. There is a good correlation between larger plateaus and stronger interaction.23 
gure S3.2. Plateau length histograms of the main observed conductance featur




In this chapter, the supramolecular landscape of CoII-5,15-
diphenylporphyrin (CoDPP) when forming electrical wires with two 
different linkers, pyridine-4-yl-methanethiol (PyrMT) and 4-pyridinethiol 
(PyrT), has been studied. In this test bed, it has been demonstrated that 
new supramolecular wires can be designed by exploiting transition metal 
coordination chemistry or through weak interactions such as π-stacking, 
with conductance values ranging from 10-4 G0 to 10-2 G0.  
The flexibility of the PyrMT linker, when compared to the rigid PyrT 
analogue, yields strikingly different junctions with much shorter 
interelectrode distances. Weak interactions are expected to reduce the E − EF energy difference and the broadening Γ. In general, this assumption 
was found to be true. However, a well-designed π-stacked nanojunction 
permits a large contact surface area with the electrodes, noticeably 
increasing the broadening of the orbital energies and hence the resultant 
conductance value, as found for CoDPP/PyrMT peak I. 
Many orbitals can mediate the electron flow, but the highest occupied 
molecular orbital (HOMO) and/or the lowest unoccupied molecular 
orbital (LUMO) position are the principal conductive channels. The 
PBE+U (4.0 eV) DFT calculations produced very good results when 
modelling the electron transport properties. The Hubbard correction, 
which readjusts the HOMO-LUMO gap, increases the accuracy of the 
calculations.  
A suitable dynamic picture of the observed plateaus was found. For 
CoDPP, short interelectrode distances forces peak I through metal 
junction with a very high conductance of 2.82·10-2 G0. As the 
interelectrode distance increases, peaks II and III are observed. Good 
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correlation was also obtained between the DFT calculated interaction 
energies and the observed plateau length of each conductance signature.  
Supramolecular interactions are an exciting way to form nanojunctions, 
paving the way to Supramolecular Electronics. The results presented here 
demonstrate the large formability of a molecular wire via tweaking the 
internal degrees of freedom of weak interactions.  
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3 STUDY OF MAGNETORESISTANCE 
ON METALLOPORPHYRIN DEVICES 
3.1 Motivation 
Magnetoresistance is a crucial property to create any spintronic device.1,2 
This property is well understood in multi-layered inorganic materials, in 
which a non-magnetic layer is sandwiched between two ferromagnetic 
layers,3–5 also known as spin valve (section 1.1.6). Beyond the ultimate 
miniaturisation of the device that a molecule represents, it offers an 
opportunity to tune and improve the electrical properties by introducing 
small variations in the chemical structure.6–9 
Magnetoresistance in single molecule devices can be originated when the 
surroundings of the Fermi energy is spin-polarised. To study the interplay 
between the ferromagnet and the molecule is crucial to understand the 
phenomenon.10 In this context, phthalocyanines have been extensively 
studied as ferromagnet/molecule bilayers11–13 and at single molecule 
level.14–20 Magnetoresistance has been also observed in diamagnetic 
molecules as C60 under the influence of a ferromagnetic electrode.21 The 
effect of the magnetisation orientation is studied as well, leading to 
tuneable anisotropic magnetoresistance.22,23 However, many of these 
examples must be kept at cryogenic temperatures in order to preserve 
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their magnetic properties. Room temperature magnetoresistance devices 
are thus highly desirable to open up to realistic technological 
applications.24–26 
Magnetoresistance at room temperature can be achieved using small 
molecules with unpaired electrons such as the transition metal triazole-
pyridine complexes [M(tzpy)2(NCX)2], (M: Fe or Co; X: S or Se) in the 
high-spin configuration.27 In these cases, the magnetic molecule is placed 
between a Au(111) bottom electrode and a ferromagnetic top electrode as 
Ni or Co.28 The conductance obtained is dependent of the direction of the 
magnetic polarisation, potentially mimicking the response of a spin valve. 
In the previous chapter it was studied the supramolecular landscape of 
CoDPP. In that, a metal-dependent high conductance peak was observed. 
Intimately related with this study, the discussion is now extended to 
NiDPP, CuDPP and ZnDPP to explore the magnetoresistance of these 
highly conductive metalloporphyrins. 
3.2 Previous work 
Aragonès et al carried out the magnetoresistance measurements of MIIDPP 
(MII = CoII, NiII, CuII and ZnII) as a natural continuation of their previous 
work. CoDPP supramolecular landscape was studied through the 
rationalisation of the conductance features when the electrodes are 
functionalised with two different ligands (PyrMT and PyrT). For the 
magnetoresistance experiments, the set of junctions is restricted to the 
MIIDPP/PyrMT case, in which it is observed the highest conductance 
features with a metal-dependent high conductance peak. 
STM-BJ experiments were run in the same fashion as explained in section 
2.3 but with a spin-polarised tip. A freshly cut Ni tip was magnetically 
polarised ex situ by exposing it to a 1 T NdFeB magnet for 2h in an Ar 
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atmosphere. The inert atmosphere is needed to avoid the formation of 
insulating nickel oxide on the tip. After the magnetisation, both the 
Au(111) substrate and the nickel tip were functionalised with pyridine-4-
yl-methanethiol (PyrMT) under anaerobic conditions. 
The analysis of individual G(z)  STM-BJ traces for MIIDPP/PyrMT 
junctions with polarised (alpha and beta) and non-polarised Ni tip shows 
three clearly distinct conductance plateaus, as previously observed for 
CoDPP/PyrMT (section 2.2) with a Au tip (Figure 3.1). The experiments 
have been done for positive and negative bias, showing very similar 
results. 
 
Figure 3.1. Individual STM-BJ conductance traces for A) CoDPP/PyrMT B) NiDPP/PyrMT C) 
CuDPP/PyrMT and D) ZnDPP/PyrMT junctions with Ni tip. The applied bias is -7.5 mV for the black 
curves and +7.5 mV for the blue curves. 




Figure 3.2. Conductance hisograms of A) CoDPP/PyrMT B) NiDPP/PyrMT C) CuDPP/PyrMT and D) 
ZnDPP/PyrMT junctions. Blue and orange histograms are obtained with alpha and beta-polarised Ni 
tip, respectively from applied voltage set to -7.5 mV. 
 
Figure 3.3. Conductance hisograms of A) CoDPP/PyrMT B) NiDPP/PyrMT C) CuDPP/PyrMT and D) 
ZnDPP/PyrMT junctions. Blue and orange histograms are obtained with alpha and beta-polarised Ni 
tip, respectively from applied voltage set to +7.5 mV. 
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The resulting histogram of the accumulation of thousands of G(z) traces 
for MDPP/PyrMT junctions when the nickel tip is polarised (alpha and 
beta) and the electrons are injected from the substrate is shown in Figure 
3.2 and when injected from the substrate in Figure 3.3. 
For all MDPP junctions, low conductance (LC) and medium conductance 
(MC) signatures display a poor dependence of the magnetisation. LC and 
MC peaks are within 2-3·10-3 G0 and 0.8-1·10-2 G0 ranges, respectively. 
The high conductance (HC) peak, however, is dependent of the 
magnetisation of the Ni tip and the metal centre. The paramagnetic 
CoIIDPP(PyrMT)2 and CuIIDPP(PyrMT)2 complexes (Figure 3.2 and 
Figure 3.3, A and C) show larger conductance value under alpha 
polarisation than for beta tip polarisation. The conductance ratios with the 
inversion of the polarisation are approximately 3-fold and 2-fold for 
CoDPP and CuDPP for positive biases and 6-fold and 4-fold for negative 
biases (Figure 3.4).  
 
Figure 3.4. Effect of the Ni tip magnetic polarisation over the observed conductance of MDPP/PyrMT 
HC peak. Grey curve represents the conductance value for a non-polarised Ni tip. Blue and orange 
curves stands for alpha and beta-polarised Ni tip. Error bars show the standard deviation from different 
experiments. 
NiDPP (Figure 3.2 and Figure 3.3, B) does not present significant 
variations of the HC conductance peak. Bulk hexacoordinated 
NiIIDPP(PyrMT)2 complex is expected to have a high-spin (S=1) ground 
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state. Therefore, it should exhibit magnetoresistance. The absence of 
magnetoresistance indicates that NiIIDPP(PyrMT)2 within electrodes 
might be in a low-spin (LS) state with S=0. 
Finally, ZnDPP/PyrMT junction presents no magnetoresistance, as it 
expected for a diamagnetic junction without helical chirality. Surprisingly, 
ZnDPP scores the highest conductance of all junctions considering the 
closed d-shell of ZnII centre. 
Blinking STM experiments were also carried out to avoid the disruptive 
mechanical pulling introduced during the STM-BJ cycle (section 1.2.1). 
Although blinking experiments brings less statistical information in 
comparison to break junction, information about the lifetime of the 
formed junctions is obtained. Few hundreds of these blinks are analysed 
and accumulated into a 2D histogram or blinking map. As an example, 
Figure 3.5 shows the blinking histograms of paramagnetic CuDPP/PyrMT 
(S=1/2) for different Ni tip magnetisations. In the same fashion as in the 
previous chapter, the three conductance features were found for all 
MIIDPP. The stability of the junction goes as HC > MC > LC, in 
agreement with what is shown for CoDPP (Figure 2.18). 
Spin-polarised STM-BJ and blinking experiments are in agreement with the 
LC and MC conductance values being insensitive of the magnetisation of 
the nickel tip. For the HC value, it is observed a 4-fold conductance 
difference between alpha (Figure 3.5B) and beta (Figure 3.5C) 
magnetisation, being the alpha larger. The non-polarised (Figure 3.5A) 
conductance value lies in between these two, as intuitively expected. 




Figure 3.5. Blinking STM 2D histograms for CuDPP/PyrMT with A) Non-polarised B) Alpha C) Beta and 
D) orthogonal Ni tip. Lifetime of each junction s directly related with its stability. 
Up to now, it was only considered parallel or antiparallel magnetisation of 
the tip. The anisotropy of the magnetoresistance effect was also studied by 
applying and orthogonal magnetisation to the Ni tip (Figure 3.5D). While 
LC and MC conductance values had no response to the orthogonal 
magnetisation, the HC value exhibits a remarkable response to the 
magnetisation falling below the detection limit of the amplifier (10-6 G0), 
evidencing a strong anisotropy of the spin-dependent transport.  
3.3 Results 
The STM-BJ experiments have shown that the three conductance features 
observed for CoDPP/PyrMT are present for NiDPP, CuDPP and 
ZnDPP, as well. Here, it will be checked if the conformations proposed in 
the previous chapter are valid for the rest of the metalloporphyrins 
considered.  
The magnetoresistance of the high conductance feature is rationalised. 
Although the polarised nickel tip is not introduced in the theoretical 
results, the spin polarisation of the metalloporphyrin around the Fermi 
energy is enough to understand the experimental data. The larger 
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conductance for paramagnetic CoDPP and CuDPP when an alpha Ni tip 
is employed in the STM-BJ experiment can be easily understood 
qualitatively. 
3.3.1 Computational details 
The optimisation and charge transport properties of the different 
conformations found for CoDPP were carried out in the same fashion as 
in the previous chapter for Ni, Cu and Zn (section 2.3.1). 
In any charge transport calculation, the position of the molecular orbitals 
is crucial. For magnetoresistance studies, this is especially true since the 
response to the alpha or beta-polarised tip depends on the polarisation of 
the surrounding of the Fermi energy. To check this, the PBE+U (4.0 eV)29 
periodic calculations carried out in SIESTA30,31 and GOLLUM32 are 
opposed to hybrid meta-GGA TPSSh33,34 functional using Gaussian35 and 
LANL2DZ basis set36–39 to expand the wavefunction and ARTAIOS40 to 
calculate the charge transport properties. TPPSh functional has been 
chosen to calculate accurately spin states of first row transition metal 
complexes.41  
ARTAIOS is a non-periodic charge transport code within the Wide Band 
Limit (WBL). In this approximation, the density of states of the bulk gold 
electrode is approximated to a continuum of energy levels. Despite it is 
well known that it suffers of so-called ghost transmission,42 it yields good 
results regarding the relative position of the molecular spinorbitals. 
3.3.2 Theoretical study of the magnetoresistance 
The structures proposed for LC, MC and HC features of CoDPP were 
optimised for NiDPP, CuDPP and ZnDPP. It is found an excellent 
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agreement for metal independent LC and MC features (see annex A for 
PDOS and T(E) curves) and a fairly good concordance for HC feature. 
(Figure 3.6). 
 
Figure 3.6. A) High conductance B) Medium conductance and C) Low conductance MDPP/PyrMT (M = 
Co, Ni, Cu and Zn) features. Green and black dots stand for computational and experimental data. 
The highest conductance value found within the four metalloporphyrins 
considered is the metal-dependent HC peak of ZnDPP/PyrMT (Figure 
3.4). As before mentioned, it is striking that a diamagnetic metal ion as 
ZnII scores the largest conductance feature. However, there is 
experimental evidence that supports such observation because of the 
strong pentacoordinating character of ZnDPP,43–45  This would lead to a 
shorter interelectrode distance and hence, to a larger conductance, at least, 
a priori. 




Figure 3.7. STM-BJ conductance histograms for A) NiDPP B) CoDPP C) CuDPP and D) ZnDPP for a 
functionalised bottom Au (111) substrate with PyrMT a pristine polarised Ni tip. Blue and orange 
histograms stand for alpha and beta-polarised tip. 
In the wake of this, Aragonès run new STM-BJ experiments in which the 
spin-polarised nickel tip was left without PyrMT functionalization (Figure 
3.7). The removal of PyrMT on the STM tip showed a completely silent 
conductance histogram for CoDPP, NiDPP and CuDPP. LC and MC 
peaks are absent for the four MDPP when the tip is not functionalised, 
highlighting that two PyrMT are needed to form any junction except for 
ZnDPP, which presents exclusively its HC peak. This strongly suggests 
that ZnDPP HC feature involves a pentacoordinated ZnII centre. The 
calculated conductance value of pentacoordinated ZnDPP is already 
shown in Figure 3.6A. Although there is a close quantitative agreement 
between calculated and observed conductance value, the relative trend is 
unluckily slightly distorted. Nevertheless, the qualitative picture is fairly 
well captured. The projected density of states (PDOS) and transmission 
spectra of NiII(DPP)(PyrMT)2 and ZnII(DPP)(PyrMT) are shown in 
Figure 3.8. 




Figure 3.8. On top panel, scheme of Ni(DPP)(PyrMT)2 HC feature (A), PDOS (B) and transmission 
spectrum (C). On the bottom panel, Zn(DPP)(PyrMT) (D), PDOS (E) and transmission spectrum (F). 
Both ZnII(DPP)(PyrMT) and NiII(DPP)(PyrMT)2 present no dependence 
of the Ni tip magnetisation (Figure 3.4). For ZnII case, it is straightforward 
to see that a d10 transition metal without chirality will not present 
magnetoresistance. For NiII two possible spin states are available. The 
high-spin state is the ground state observed in bulk octahedral NiII 
complexes (S=1). However, once NiII(DPP)(PyrMT)2 is formed within the 
electrodes, NiII metal ion is in a highly distorted octahedral coordination 
sphere. The position of the axial ligand is strongly affected during the 
STM-BJ, probably stabilising the LS state with S=0. Single point TPSSh 
energy difference between high and low-spin states of NiII(DPP)(PyrMT)2 
without electrodes scores a small preference of 6 kcal/mol for the high-
spin state41. Qualitatively, the lone pair of N in PyrMT does not 
extensively overlap with the dz2  orbital in the junction, thus lying 
somewhere in between an actual octahedral and a square planar 
coordination. In the proposed geometries for HC feature, it is found larger 
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Å) in comparison to common M-N values (2.00-2.20 Å). It all suggest that 
experimentally NiII(DPP)(PyrMT)2 is also a diamagnetic compound within 
electrodes and hence, not showing magnetoresistance. 
The magnetoresistance systems have been measured under axial and 
perpendicular magnetisations (Figure 3.5). Although similar perpendicular 
magnetisation studies have been rationalised theoretically,22 non-collinear 
spin calculations must be done to understand perpendicular magnetisation 
cases. This sort of calculations involves relativistic and spin-orbit 
contributions that are poorly introduced within the DFT+NEGF 
formalism. Therefore, the discussion is restricted to the axial 
magnetisation. 
 
Figure 3.9. On top panel, scheme of Co(DPP)(PyrMT)2 HC feature, PDOS (b) and transmission 
spectrum (c). On the bottom panel, Cu(DPP)(PyrMT)2 (d), PDOS (e) and transmission spectrum (f). 
Red and blue curves represent alpha and beta spinorbitals. The filledcurves of the same colours 
showns the contribution of the metal centre to the PDOS. 
Co(DPP)(PyrMT)2 and Cu(DPP)(PyrMT)2 have a common spin state with 
S=1/2. As shown in the previous chapter (section 2.3), CoII centre is 
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symmetry in the energy position of the alpha and beta spinorbitals, 
polarising the surroundings of the Fermi energy and leading to 
magnetoresistance. The PDOS and transmission spectra of both CoDPP 
and CuDPP junctions are shown in Figure 3.9. 
Common to all metalloporphyrins, the main transmission channel is a 
porphyrinic orbital. For the paramagnetic cases, alpha and beta 
spinorbitals are slightly different in energy (Figure 3.9B and E). At first 
glance, CuDPP/PyrMT transmission (Figure 3.9F) spectrum presents a 
larger shift between alpha and beta spinorbitals in comparison to 
CoDPP/PyrMT (Figure 3.9C), thus suggesting that the former should 
present higher magnetoresistance, in opposition to experimental data. 
However, in the case of CoDPP/PyrMT, the β dxz and β dyz spinorbitals 
are relatively close to the Fermi level. Molecular orbitals with large metal 
contributions are very sensitive to the chosen DFT functional and their 
energy position can be slightly misplaced. Because those orbitals have 
some parallel contribution to the direction of charge transport, 
CoDPP/PyrMT might exhibit slightly larger magnetoresistance than 
CuDPP/PyrMT, in which perpendicular unoccupied β dx2−y2 spinorbital is 
the closest metallic spinorbital to the Fermi energy. Moreover, the 
transmission spectrum of CuDPP/PyrMT (Figure 3.9F) presents a much 
narrower transmission peak for β dx2−y2 than the peak observed for β dxz 
and β dyz in CoDPP/PyrMT junction (Figure 3.9C).  
Given that both paramagnetic junctions share the same spin polarisation 
around the Fermi level, it follows that they will have the same response to 
the tip magnetisation, as it is observed experimentally (Figure 3.4).  




Figure 3.10. Alpha minus beta transmission around the Fermi energy for CoDPP/PyrMT for HC (red), 
MC (green) and LC (blue) junctions. Dotted lines represent the bias window applied. Negative x values 
represent an excess of beta transmission and positive values stand for an excess of alpha 
transmission. The area under each curve is proportional to the observed spin-polarised current. 
Notwithstanding, the alpha/beta symmetry breaking of the unpaired 
electron on CoDPP/PyrMT and CuDPP/PyrMT junctions is observed on 
all three signatures because of the unpaired electron. The direct role of the 
metal centre on HC junction leads to a much higher asymmetry for this 
signature and almost unnoticeable asymmetry for MC and LC, as shown in 
Figure 3.10 for CoDPP/PyrMT. 
In order to check the computed results using the PBE+U functional, the 
paramagnetic junctions are recalculated using TPSSh meta-hybrid 
functional. The transmission spectra are obtained using ARTAIOS code 
and shown in Figure 3.11 and Figure 3.12 along with the spinorbitals 
involved. The transmission obtained with TPSSh is fully consistent with 
the ones obtained with PBE+U. This indicates that the Hubbard 
correction removes the main deficiencies of the GGA functionals on the 
energy levels due to the self-interaction error. 




Figure 3.11. Transmission spectrum calculated using TPSSh meta-GGA functional using Gaussian 
and Artaios codes. The CoDPP orbitals involved close to the Fermi level are shown in the picture. 
 
Figure 3.12. Transmission spectrum calculated using TPSSh meta-GGA functional using Gaussian 
and Artaios codes. The CuDPP orbitals involved close to the Fermi level are shown in the picture. 
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The small asymmetry in the alpha and beta energy position is responsible 
of the modest magnetoresistance observed in the STM-BJ experiments for 
both paramagnetic metals. In M(tzpy)2(NCX)2 complexes (M = Fe and 
Co, X = Se and Se), for instance, the metal has a major role on the charge 
transport being a metallic β t2g  spinorbital the closest to the Fermi 
energy.46 In such systems, a much larger asymmetry in the energy position 
is observed; hence leading to a greater magnetoresistance. 
Notwithstanding, it is worth to remark that CoDPP/PyrMT and 
CuDPP/PyrMT present the highest conductance value reported for a 
magnetoresistance system. 
3.4 Conclusions 
In this chapter, it was studied the magnetoresistance present in MIIDPP 
(MII = CoII, NiII, CuII and ZnII) junctions formed via supramolecular 
interactions between the metalloporphyrin and PyrMT, the latter attached 
to the bottom Au(111) electrode and to a polarised nickel tip as top 
electrode. The paramagnetic metalloporphyrins CoDPP and CuDPP 
showed magnetoresistance on their HC signature with their surroundings 
of the Fermi energy β polarised. The indirect role of the metallic centre in 
the mediation of the charge transport leads to a 3 and 2-fold 
magnetoresistance ratio when electrons are injected from the tip and 6 and 
4-fold when injected from the substrate, being the alpha polarisation 
preferred. Remarkably, they exhibit the largest conductance reported for a 
room temperature magnetoresistance junction. The anisotropy of the 
magnetoresistance was also boarded experimentally by polarising the 
nickel tip orthogonally to the charge transport direction. In that case 
paramagnetic metalloporphyrins high conductance feature falls below the 
detection limit. Theoretical calculations aid to identify the expected 
magnitude of the magnetoresistance, but quantitative information seems 
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to be yet difficult to achieve, especially in the perpendicular magnetisation 
case. 
NiDPP and ZnDPP are diamagnetic junctions, thus not showing 
magnetoresistance. The severely distorted octahedral coordination 
stabilises the low-spin of NiII (S=0). ZnII is a pentacoordinated closed-
shell ion. This one shows the largest conductance of the studied 
metalloporphyrins due to the shorter transmission pathway. 
Because of the aforementioned, the use of different transition metals and 
the chemical modification of the porphyrin may improve the 
magnetoresistance under a polarised tip, hence opening a way to obtain 
high conductance room temperature magnetoresistance junctions.  
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Annex A: Low and Medium conductance plots 
The following figures correspond to scheme, projected density of states 
(PDOS) and transmission spectra of the medium conductance (MC) and 
low conductance (LC) features of MDPP/PyrMT (M = Co, Ni, Cu and 
Zn) junctions.  
 
Figure A1. Representation of the junction (left), PDOS (centre) and transmission spectrum (right) of 
CoDPP/PyrMT MC feature. Alpha and beta contributions are represented in the red and blue curves, 
respectively. Filled curves of the same colours stand for the metal contribution.  
 
Figure A2. Representation of the junction (left), PDOS (centre) and transmission spectrum (right) of 












































































Figure A3. Representation of the junction (left), PDOS (centre) and transmission spectrum (right) of 
CuDPP/PyrMT MC feature. Alpha and beta contributions are represented in the red and blue curves, 
respectively. Filled curves of the same colours stand for the metal contribution. 
 
Figure A4. Representation of the junction (left), PDOS (centre) and transmission spectrum (right) of 
ZnDPP/PyrMT MC feature. Filled curve stands for the metal contribution 
 
Figure A5. Representation of the junction (left), PDOS (centre) and transmission spectrum (right) of 
CoDPP/PyrMT LC feature. Alpha and beta contributions are represented in the red and blue curves, 
















































































Figure A6. Representation of the junction (left), PDOS (centre) and transmission spectrum (right) of 
NiDPP/PyrMT LC feature. Filled curve stands for the metal contribution 
 
Figure A7. Representation of the junction (left), PDOS (centre) and transmission spectrum (right) of 
CuDPP/PyrMT LC feature. Alpha and beta contributions are represented in the red and blue curves, 
respectively. Filled curves of the same colours stand for the metal contribution. 
 
Figure A8. Representation of the junction (left), PDOS (centre) and transmission spectrum (right) of 














































































Study of Large Area EGaIn Magnetic Junctions 4 
 
151 
4 STUDY OF LARGE AREA EGAIN 
MAGNETIC JUNCTIONS 
Up to now, the thesis was focused on single molecule nanojunctions. In 
the study over metalloporphyrins, it was shown that single molecule 
experiments along with theoretical calculations allow an unexpected deep 
understanding of the nanojunction despite the lack of in situ 
characterisation.  
Now the attention is turned to extensive systems. These systems are 
usually closer to actual molecular devices. Notwithstanding, as it will be 
shown in this chapter, large area measurements are in detrimental of the 
strong fundamental understanding that gives single molecule 
measurements. The conductance is measured on an ensemble of 
molecules that lies on a bottom electrode with many different 
conformations; hence the observed conductance is an average over the 
ensemble.  
In this chapter it is presented two collaborations where DFT calculations 
are provided for the understanding of the electron transport phenomena 
using EGaIn electrodes. Although there are a few ways to measure large 
area nanojunctions, this one has been shown to be a robust methodology 
(section 1.2.5). The EGain electrode is based on the use of non-
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Newtonian liquid-metal EGain/GaOx. The GaOx oxide is 0.7 nm thick 
preventing the GaIn to form alloys with the bottom electrode, but letting 
electrons tunnel through. Theoretical approximations to model 
EGain/GaOx electrode are often based on comparison of the 
HOMO/LUMO energy distance of the isolated molecule to the Fermi 
energy of the electrode,1 tight-binding models2 or simply picturing it 
between gold electrodes.3,4 A more refined manner is to substitute EGain 
by Ag electrode because of the similarity of their Fermi energies.5 
However, no explicit model of the electrode has been published. 
4.1 Binuclear CuII-LnIII complexes 
4.1.1 Motivation 
In collaboration with Dr. Monakhov group (IOM, Leipzig), here it is done 
a computational study of a Au-heterometal complex-EGaIn spin-polarised 
junction.6,7 The heterometallic complex self-assembled monolayer consist 
of a binuclear CuII-LnIII system of the type 
[CuLn(L·SMe)2(OOCMe)2(NO3)]· xMeOH (x = 0.75-1) and the chosen 
lanthanides (Ln) are Gd, Tb, Dy.8–16 The same compound is also 
synthesised using YIII cation. This sort of systems has been shown to 
exhibit structural motifs of different complexity along with interesting 
magnetic and electrical conductivity properties.17 
The challenge to deal with is to explain the observed indistinguishable 
charge transport properties of the Gd, Tb, Dy and Y compounds (further 
details on the next section). Unluckily, no realistic model of the junction 
can be calculated due to the lack of an X-ray structure of EGaIn electrode. 
Moreover, the single determinant nature of DFT calculations is not able to 
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describe properly Tb and Dy compounds because of their degenerated 
ground state. 
4.1.2 Previous work 
In Monakhov’s group, they provided a detailed description of the 
preparation, magnetochemistry, adsorption characteristics and electronic 
transport measurements of [CuLn(L·SMe)2(OOCMe)2(NO3)]· x MeOH (x 
= 0.75 -1) with Ln = Gd (1), Tb (2), Dy (3) and also Y (4) (Figure 4.1). 
Here, a brief summary of the highlights is reported.18 
 
Figure 4.1. Molecular structure of Compounds 1-4. 
 Colours of the atoms are C: Grey, S: Yellow, H: White, N: Blue, Cu: Orange O: Red Ln: Mauve. 
Adapted figure.18 
As shown in Figure 4.1, X-ray diffraction shown that compounds 1-4 are 
quasi isoestructural with !1 space group. The LnIII (and YIII) atoms are 
nine-coordinated while the CuII centre is square pyramidal. The two metal 
centres are connected by two deprotonated tridentate Schiff base ligands 
(L·SMe-) and an acetate ligand, being 3.40 Å apart. 
Regarding magnetism and magnetochemical modelling, the XmT values 
for the four compounds are well within or close to the expected. In the 
case of CuII and GdIII pair, the GdIII ion remains, to a very good 
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approximation, a pure S=7/2 centre as indicates the molar magnetisation 
at 2.0 K and 5.0 T (Figure 4.2). 
 
Figure 4.2. !!! dependance with the temperature (left) and field dependence of molar magnetisation 
!! (rght) for 1-4 compounds. Open symbols: experimental data at 0.1 T (left) and 2.0 K (right), 
respectively. The least-square fit is represented as a solid red line. Adapted figure.18 
The fitting of the data estimates the strength and magnitude of exchange 
interaction. In the case of CuGd pair, it was found a ferromagnetic 
interaction in the typical range for 3d-4f exchange interactions.19 For the 
rest of lanthanides, ferromagnetic interactions of the same sort are 
obtained. 
To know more about how the SAM is formed upon the gold substrate, 
Fourier Transform Infrared (FT-IR) and Fourier Transformed Infrared 
Reflection Absorption Spectroscopy (FT-IRRAS) characterisation was 
performed. The comparison of FT-IR and FT-IRRAS of HL·SMe ligand 
indicates that it remains essentially unchanged upon absorption.20 The FT-
IR of compounds 1-4 yields the same spectra except for small shifts; hence 
concluding that they are isoestructural, as announced before. Figure 4.3 
shows the FT-IR and FT-IRRAS of compound 2.21 The red curve shows a 
high-quality FT-IRRAS spectrum (IRRAS 1) obtained using a small 
amount of solvent for washing the Au substrate. Then, the same substrate 
is dipped into methanol and another FT-IRRAS is obtained (IRRAS 2). 
The intensity of the peaks diminishes (as expected) but the remaining 
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signals indicate that compound 2 still forms a thin layer – presumably a 
monolayer. 
 
Figure 4.3. FT-IR (blue), FT-IRRAS spectra (red) and after dipping the SAM in methanol (black) of 
Compound 2, CuII-TbIII pair. Adapted figure.18 
Further characterisation using STM and ellipsometry indicates that the 
monolayer is indeed formed with 1.3 nm thickness, but not as densely 
packed as the ones formed by, for example, alkanethiols.22–24 
After the characterisation, large area charge transport measurements on 
compounds 1-4 were carried on. The SAM was constructed on AuTS 
(bottom electrode)25 by immersion in a 0.1 mM methanolic solution of the 
target compound overnight. The EGaIn lead works as top electrode, 
employed in a wide variety of SAM measurements. 
Figure 4.4 shows the density current J(V) of compounds 1-4. Very slight 
differences in the shape and magnitude between the different compounds 
are found. Also, the error bars make impossible to distinguish between 
compounds. 
 




Figure 4.4. Plots of the current density vs applied voltage for compounds 1-4. Values at V=0 V are 
omitted for clarity. Error bars represents the standard deviation of Gaussian fits.18 
The above plot can be replotted in Fowler-Nordheim coordinates (Ln( IV2) 
vs 1V) to obtain the energy level alignment inside the junction.26 For the 
four compounds, the transition voltage (VT) obtained is close to 0.3 V. 
This value can be attributed to β dx2−y2 spinorbital of CuII centre, which 
lies close to the Fermi level and is present in all compounds. The same 
was proposed for ferrocene-containing molecules in which the FeII centre 
mediates the charge transport.27 
4.1.3 Computational details 
Transport properties of compounds 1 and 4 were studied using a 
combination of DFT+EGF (section 1.5). The mean-field electronic 
structure was obtained using SIESTA code.28,29 The compounds 1 and 4 
were placed between a bottom gold electrode consisting of 5 gold layers of 
5x4 unit cells and a top electrode of 3 gold layers and two shaped 
triangular shapes, in order to bond properly the methylthiol to the 
electrode (see Figure 4.5). 
The wavefunction was expanded using the generalised-gradient 
approximation PBE30 and valence pseudopotentials and double-ζ polarised 
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basis set for all atoms, except for gold, where one-electron 
pseudopotential and single-ζ polarised basis set was employed instead. 
This pseudopotential is not suitable for geometry optimisation but works 
smoothly for charge transport calculations.31 A 20x26x1 k-point grid was 
chosen for the complete system and a 20x26x51 for the electrode 
calculation. Gollum code32 employs the Equilibrium Green’s function 
(EGF) to obtain the transmission spectra of compounds 1 and 4. 
4.1.4 Results 
To understand the J(V) characteristics of compounds 1-4, it was 
performed DFT+EGF calculations to obtain the electronic structure and 
transmission spectra. First of all, the discussion is unluckily forced to be 
restricted to compounds 1 and 4, CuGd and CuY systems. The single 
determinant nature of DFT cannot describe the degenerated ground states 
of TbIII and DyIII.33 To tackle degenerated ground states it is needed to use 
a multideterminant description of the wavefunction. In such description, 
the concept of molecular orbital is lost, and hence the Green’s function 
formulation cannot be applied. GdIII and YIII ions have, however, non-
degenerated ground states. 
To model the nanojunction, it was not found an X-ray structure for the 
EGaIn electrode. Nevertheless, in this sort of junctions the SAM itself and 
not the electrodes dominates the charge transport.5 This is further 
supported by the experimental data: Monakhov’s group proved with the 
IR and IRRAS measurements (section 4.1.2) that compounds 1-4 are 
weakly coupled with the electrodes and neighbouring molecules. From 
this, a gold electrode substitutes the EGaIn top lead and no intermolecular 
interactions are considered in the junction,34 as shown in Figure 4.5. 




Figure 4.5. Model nanojunction for compounds 1 and 4. The EGaIn top electrode is substituted with 
five layers of gold due to the weak interaction of the SAM with the electrode. Only a single molecule is 
considered in the junction because only weak intermolecular interactions are expected. Colours of the 
atoms are C: Grey, S: Yellow, H: White, N: Blue, Cu: Orange O: Red Ln: Mauve, Au: Golden. Adapted 
figure.18 
The optimisation of the junction is very important to obtain conductance 
values as accurate as possible. However, it is the most expensive part of 
the workflow. To obtain the conductance value of a single molecule in a 
large area measurement involves the estimation of the density of 
molecules in the bottom electrode. Although it is possible to do such 
estimation, the substitution of the EGaIn top electrode by gold would 
distort the quantitative value by default. Fortunately, a qualitative 
discussion is enough to understand the undistinguishable J(V) curves. 
Relying on the weak interactions with the electrodes, here it is elided the 
optimisation and the molecule is directly placed within electrodes keeping 
a typical Au-S distance of 2.2 Å and 2.6 Å for Au-O distance. The height 
of the molecule upon the bottom Au electrode scores 1.5 nm, in very 
good agreement with the value 1.3 nm obtained in the ellipsometry 
measurements (section 4.1.2). 
The electronic structure calculation of 1 indicates a ferromagnetic ground 
state interaction between the CuII and GdIII magnetic centres, in 
agreement with the experimental data. In the next two figures, it is shown 
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the projected density of states (PDOS) and transmission spectra (T(E)) of 
compound 1 and 4 (Figure 4.6 and Figure 4.7). 
 
Figure 4.6. Projected Density of States (left) and logarithmic transmission spectrum (right) of CuGd 
system. Red and blue curves stand for alpha and beta contributions and filledcurves represents the 
contribution of the CuII centre.18 
 
Figure 4.7. Projected Density of States (left) and logarithmic transmission spectrum (right) of CuY 
system. Red and blue curves stand for alpha and beta contributions and filledcurves represents the 
contribution of the CuII centre.18 
As it can be seen, the PDOS of Figure 4.6 and Figure 4.7 are very similar. 
Both PDOS show a single peak placed at 0.1 eV above the Fermi energy 
(set at E = EF = 0) with a high contribution of the CuII centre. This lonely 
orbital is, as Monakhov group suggested, the β dx2−y2 spinorbital of the 
CuII, present in both (presumably, all) compounds. The transmission 
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spectra show the corresponding transmission peak for this orbital. 
Because of its proximity to the Fermi energy, it constitutes the main 
conduction channel. The spinorbitals related with the lanthanides (and 
yttrium) are too deep in energy to become relevant transmission channels. 
Hence, it is clear that compounds 1-4 have indistinguishable J(V) curves, 
because their transmission spectra are to a large extent independent of the 
lanthanide atom for a wide energy range. The discrepancy between the E − EF (0.1 V) and the experimental transition voltage (0.3 V) can be 
mainly related to the substitution of the EGaIn lead with a gold electrode. 
Nevertheless, the qualitative picture of the junction remains valid. 
In sight of the spin-polarised main transmission channel, it is expected to 
observe magnetoresistance for all the set of compounds upon their 
contact with a magnetic electrode. 
4.1.5 Conclusions 
When thousands of molecules are measured at the same time, many 
possible configurations are measured. A single conductance value for a 
given bias is obtained for large area measurements unlike single molecule 
measurements, where it is possible to distinguish between conformations 
(conductance signatures).  
Large area measurements can be evaluated using the same procedure as 
for single molecule junctions. To obtain quantitative results, the density of 
molecules per surface area must be determined. However, the qualitative 
picture may be sufficient to explain the experimental data. For interacting 
SAMs, it is needed to include more than one molecule in the junction. For 
weakly interacting SAMs, a single molecule model is enough to understand 
the charge transport. 
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In the case of CuLn compounds, the single molecule junction model is 
enough to qualitatively understand the indistinguishable J(V) curves 
observed experimentally. CuII β dx2−y2  spinorbital is the common 
transmission channel for compounds with different lanthanides (Gd, Tb, 
Dy and Y), giving a similar J(V) curve regardless of the lanthanide in the 
compound. Because of the spin-polarised orbital, magnetoresistance 
should be expected for these compounds when measured using magnetic 
electrodes. 
To change the CuII centre is expected to strongly affect the magnetic and 
charge transport properties of the selected compounds. The modification 
of the LnIII centre, however, should only modify the magnetic behaviour. 
Only early lanthanides with orbitals closer to the Fermi energy might 
modify the charge transport measurements.35 
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4.2 Iron (III) spin crossover conductance 
switching 
4.2.1 Motivation 
First row transition metals 3dn (n = 4-7) can switch reversibly from low-
spin (LS) to high-spin (HS) or viceversa, a phenomenon known as spin 
crossover. The switching between spin states can be triggered by 
temperature, pressure, voltage or light.1,2 
Spin crossover (SCO) compounds are excellent candidates to have a major 
role on the development of molecular electronics, spintronics, information 
storage, micromechanics, sensing, switching and memristive properties.3–13 
In this sort of systems both charge and spin can be employed to build 
devices with greater efficiency in terms of power and performance.14–21 
However, to introduce this sort of compounds into nanojunctions is still 
challenging, as the SCO behaviour can be easily lost.22,23 A balance 
between too weak and too strong coupling with the electrodes is 
paramount to design a successful spin crossover tunnelling junction.24–27 
The SCO compounds used for nanojunctions par excellence are a based 
on a FeII centre.28–30 However, in many cases the crossover temperature 
T1/2 is very low.31–33 FeIII compounds are more stable, but almost entirely 
absent in SCO molecular junctions and not fully switchable.34 
In collaboration with Dr. Nijhuis and Dr. Harding groups, it is studied the 
first FeIII spin crossover (SCO) compound at room temperature. 
[FeIII(qsal-I)2]NTf2 (qsal-I = 4-iodo-2-[(8-quinolylimino)methyl]phenolate) 
was deposited on a Cu/SLG bottom electrode (SLG = Single layer 
graphene) and the charge transport as a function of bias and temperature 
was obtained using EGaIn top electrode. The spin crossover temperature 
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is a remarkable T1/2=310 K. DFT calculations will serve to understand the 
higher conductivity of the high-spin state in comparison to the low-spin 
state. 
Furthermore, as a difference to the previous case (section 4.1), the 
complex structure of EGaIn electrode will be approached, in order to 
obtain a more realistic description of large-area measurements with this 
electrode. 
4.2.2 Previous work 
Similarly as in the previous section, here it is reported a summary of the 
detailed characterisation of [FeIII(qsal-I)2]NTf2 junction. [Fe(qsal-I)2]NTf2 
was selected because it shows strong spin transition hysteresis at room 
temperature35. The synthesis of this SCO compound is reported in a 
previous Nijhuis’ work.35,36 
The studied junction consist in physisorbed [FeIII(qsal-I)2]NTf2 onto single 
layer graphene (SLG) by immersing a Cu/SLG substrate in a 1 mM 
solution of the compound. The graphene layer works as a screen to reduce 
the electrode-molecule coupling to keep a working SCO monolayer.37–42 
Afterwards, the junction in completed using EGaIn electrode. 
Raman spectroscopy was employed to determine the quality of the 
graphene43 in the substrate and to understand the interaction with the 
molecule (Figure 4.8A). The red plot shows the Raman spectrum of clean 
Cu/SLG substrate. The G and 2D bands (1587 cm-1 and 2678 cm-1) 
without any satellite peaks indicates an ordered graphene. When the 
molecule is deposited on the substrate (black plot), both bands are blue-
shifted. The shift reveals that [FeIII(qsal-I)2]NTf2 interacts via Van der 
Waals interactions and moderate electrostatic interactions with the bottom 
electrode. 
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AFM images have been performed in a clean substrate (Figure 4.8B) 
showing a very smooth surface, in agreement with what if inferred in the 
Raman spectra. After the deposition of the SCO compound (Figure 4.8C), 
the observed surface is homogeneous without pinholes or big 
accumulations. The height profile of the AFM image (Figure 4.8D) 
presents islands of about 1.5-2.0 nm, in good agreement with the expected 
height of [FeIII(qsal-I)2]NTf2, 1.41 nm. 
 
Figure 4.8. (A) Raman spectra of SLG before (red) and after adsorption (black) of [FeIII(qsal-I)2]NTf2. 
AFM images of clean graphene (B) and after deposition of [FeIII(qsal-I)2]NTf2 (C) with its height profile 
(D). Angle-depedent XPS for C (E) 1s and N 1s (F).44 
To check the chemical composition and relative orientation of [Fe(qsal-
I)2]NTf2, angle-resolved XPS (ARXPS) of C 1s and N 1s orbitals are 
measured for 40 an 90º angle of incidence. The C 1s spectrum (Figure 
4.8E) shows three peaks corresponding to CF3 group and two more peaks 
corresponding to C=N and/or C-O and C=C groups present in the 
counterion. The relative intensity of CF3 signal increases with the emission 
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angle (from 40 to 90), suggesting that the anion is adsorbed on the 
graphene surface. 
Similar reasoning can be done for F 1s and I 3d spectra (Figure 4.9B and 
C). However, the angle dependence of I 3d spectrum indicates that 
[Fe(qsal-I)2]+ is interacting with the iodines towards the graphene layer. 
 
Figure 4.9. Angle dependent X-ray photoelectron spectra (ARXPS) of A) O 1s B) F 1s C) I 3d D) S 2p. 
The spectra were obtained at room temperature. Adapted figure.44 
 
Figure 4.10. A) XAS spectra of the Fe L3 edge for a monolayer of [FeIII(qsal-I)2]NTf2 on Cu/SLG at 
260, 300 and 340 K and simulated peaks for Oh FeII and FeIII. The difference of the XAS of Fe L3 
edge at ±1.5 T defines the XMCD signal at B) 340 K C) 300 K and D) 260 K.44 
Study of Large Area EGaIn Magnetic Junctions 4 
 
169 
To confirm the spin transition of [Fe(qsal-I)2]+, temperature dependent X-
ray absorption  spectroscopy (XAS) and X-ray magnetic circular dichroism 
(XMCD) were carried out (Figure 4.10). 
The XAS of Fe L2,3 edge45,46 of 2p3/2 at temperatures 260, 300 and 240 K 
is shown in Figure 4.10A. It can be seen a peak associated with Oh FeIII 
complex at 709.3 eV (98%) and a small shoulder related with Oh FeII 
complex (2%).47,48 The L3 edge moves 0.6 eV to higher photon energies 
along with decreasing temperature, indicating the transition from LS to HS 
state. 
The XAS of [FeIII(qsal-I)2]NTf2 in powder shows a LS-HS transition at 
lower temperatures in comparison with the SCO compound on the 
Cu/SLG substrate. Nonetheless, the transition temperatures are 
comparable with the previously reported49 (T1/2,cool=248 K, T1/2,heat=278 
K). 
XMCD measurements with magnetic field ± 1.5 T and temperature 
dependence of Fe L3 edge are shown in figure Figure 4.10B-D. A negative 
XMCD signal at 340 K is presented in Figure 4.10B at 710.3 eV, indicating 
a spin-polarised Oh FeIII ion50. At 260 K (Figure 4.10D) it is shown a very 
weak signal, thus demonstrating that the SCO complex switches from HS 
(S=5/2) to LS (S=1/2) since the LS state has a smaller number of 
unpaired electrons.51 
After the characterisation, charge transport measurements of the 
[FeIII(qsal-I)2]NTf2 monolayer on Cu/SLG were performed using EGaIn 
top electrode.52–54 50 different junctions were measured, being 88% of 
them successful. A heatmap of the recorded J(V) (bias ± 1.0 V) indicates 
that the junction is highly stable and reproducible55–59 (Figure 4.11A). 
The charge transport also revealed the spin-transition of [FeIII(qsal-
I)2]NTf2 when it was measured for different temperatures (Figure 4.11B 
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and C). The density current changes an order of magnitude with 
temperature, being the HS being more conductive than the LS. The SCO 
property is more gradual with the average transition temperature T1/2, 
around 300-330 K, in agreement with the results obtained from XAS and 
XMCD. 
 
Figure 4.11. A) Heatmap of log !(!)  vs ! curves. The black curve indicates the average. B) !(!) 
curves as a function of temperature from 340 to 240 K. C) !(!) hysteresis D) NDC at 340 and 250 K.44 
As previously reported, the hysteresis is intimately associated with a 
conformation change of the anion NTf2−. Moreover, the cooperativity is 
reduced because of the presence of a single layer of [FeIII(qsal-I)2]+, 
leading to an increase of the T1/2 and a loss of hysteresis in the junction.60 
Compared to other junctions the spin-transition temperature is not 
strongly shifted when the SCO compound is placed within electrodes,61 
showing Cu/SLG as a promising substrate to conserve the SCO property 
without eroding the stability of the junction (Figure 4.11C). 
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Finally, Figure 4.11D plots the normalised differential conductance (NDC) 
of the junction. The parabolic behaviour is a characteristic sign of the 
coherent tunnelling charge transport mechanism.62,63 
4.2.3 Computational details 
Geometries were optimised using FHI-AIMS64 code with GGA functional 
PBE.65 The light basis set66,67 and only gamma point was employed due to 
the large number of atoms involved. Dispersion effects were included 
using Tkachenko and Scheffer method68 using Hirschfeld partitioning of 
the electron density to analyse the relative stability of the interaction 
between the Cu/SLG substrate and the SCO compound. 
All-electron calculations were performed for high and low-spin states 
except when [FeIII(qsal-I)2]NTf2 was placed between electrodes, where 
frozen-core approach was employed for orbitals below -500 eV. 
Furthermore, the hybrid meta-GGA TPPSh functional69,70 implemented in 
Gaussian0971 with TZVP basis set72,73 to calculate the transition metal 
complex electronic structure. 
The charge transport properties were obtained using a combination of 
SIESTA74,75 and GOLLUM76 codes. The wavefunction was expanded 
using DZP basis set for all atoms except the atoms involved in the 
electrodes: Cu, Ag, Ga and In, in which SZ basis set was employed instead 
to reduce the computational time. Hubbard correction over FeIII atom 
with U=4.0 eV to improve the energy position of the 3d orbitals was 
taken into account. Because of the large size of the system, the transport 
calculations are restricted to gamma point. 




Before placing [FeIII(qsal-I)2]NTf2 within the electrodes, different binding 
conformation onto Cu/SLG substrate were considered. Mainly, the 
relative energies of the optimised Cu/SLG//[FeIII(qsal-I)2]NTf2 with 
none, one and two iodine atoms pointing towards the graphene layer are 
calculated within a many-body approach (see section 4.2.3). Here, a many-
body approach was chosen over classic dispersion models to obtain better 
numerical accuracy. 
 
Figure 4.12. Conformations of low-spin [FeIII(qsal-I)2]NTf2 considered with zero (A) one (B) and two (C) 
iodine atoms interacting directly with the graphene single layer. Colours for Cu: orange, C: Gray, S: 
yellow, F: Light green, N: Blue, O: Red, I: Purple, Fe: Ochre, H: White. Adapted figure.44 
Figure 4.12 presents the three different conformations considered. As it 
can be seen, the conformation with both iodine atoms pointing towards 
the graphene layer is the most stable, in agreement with the ARXPS 
discussed before (Figure 4.9). Hypothetically, the combination of anion⋯ π 
and I⋯ π interactions aids to the non-covalent attachment of the SCO 
compound to the SLG.  
The low-spin state was found to be the ground state. Meta-GGA TPSSh 
functional was used to compute the spin state of [FeIII(qsal-I)2]NTf2 in the 
monolayer. The obtained HS-LS energy difference is 13.8 kcal/mol (0.59 
eV), in close agreement with the value measured in the XAS spectrum 
(Figure 4.10A). 
0.0 kcal/mol!7.7 kcal/mol! 9.0 kcal/mol!
A! B! C!
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To introduce the electrode interaction, the first challenge to tackle is the 
model of EGaIn top electrode. In the previous contribution, the problem 
was circumvented by replacing the top electron by a Au(111) electrode 
(section 4.1.4). However, as it will be shown in this section, a realistic 
model of the EGaIn electrode can be important for a correct 
interpretation of the charge transport. 
The X-ray structure of α-gallium [100] was chosen as starting point.77 In 
that surface, a monolayer of O2 molecules was placed. Randomly 
positioned In atoms keeping the experimental stoichiometric ratio of 
EGaIn (75.5% Ga and 24.5% Ga in weight) were introduced. Afterwards, 
the model was fully optimised. O2 molecules were dissociated during the 
optimisation resulting in the formation of Ga2O3 oxide. To match the 
experimental thickness of GaOx layer (0.7 nm),78 a similar distribution of 
oxygen atoms was included in the first four layers. 
Finally, the whole junction except the electrodes was optimised with the 
[FeIII(qsal-I)2]+ iodine groups pointing towards the graphene layer, as 
shown before, for high (S=5/2) and low-spin (S=1/2) states (Figure 4.13). 
 
Figure 4.13. Cu/SLG//[FeIII(qsal-I)2]NTf2//GaOx/EGaIn junction. Colours for Cu: orange, C: Gray, S: 
yellow, F: Light green, N: Blue, O: Red, I: Purple, Fe: Ochre, H: White, Ga: light blue, In: Green. 
Adapted figure.44 
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Almost 1800 atoms are involved in the nanojunction model. To expand 
the wavefunction and to calculate the charge transport properties of such 
big amount of atoms is a computational challenge but above all, very time 
consuming. 
The projected density of states (PDOS) and transmission spectra of the 
high and low-spin states of the full system are shown in Figure 4.14. 
 
Figure 4.14. PDOS (A and B) and Transmission spectra (C and D) of high-spin (top panel) and low-
spin (bottom panel) of Cu/SLG//[FeIII(qsal-I)2]NTf2//GaOx/EGaIn junction. Red and blue curves 
represent alpha and beta spinorbitals. Filledcurves on the PDOS plots represents the FeIII orbital 
contribution.44 
A quick method to obtain the conductance from transmission spectra 
(Figure 4.14C and D) is to approximate it to the zero-voltage limit79 G = T(E)G0 . Within this approximation, the LS state conductance is 
2.94·10-6 G0, slightly larger than the obtained 1.08·10-6 G0 for the high-
spin state. This result is in disagreement with the experimental 
observation, where the HS is a more conducting state. Nevertheless, in the 
transmission spectrum of high-spin state (Figure 4.14C) there is a 
transmission peak 0.1 eV above the Fermi energy related with FeIII β dxy 
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above the Fermi energy, which can have some contribution for big bias 
voltages. Since the experimental bias window goes from -1 to 1 V, the 
small bias approximation is not suitable, as it has been shown. 
When a V = 0.25 V bias is considered in the calculation, it is obtained a 
higher conductance of 2.03·10-6 G0 for the high-spin state in comparison 
to 4.37·10-7 G0 conductance for low-spin state, now matching the 
experimental trend and the order of magnitude conductance difference 
observed. As announced, the bias applied during the experiments permits 
the spinorbital β dxy to have an actual contribution in the electron 
transport of the high-spin state. In the case of the low-spin state (Figure 
4.14B and C), there are no orbitals mediating the electron transport until 
0.5 eV above the Fermi energy, thus having a very limited contribution to 
the transmission. 
The influence of the anion NTF2 in the conductance was also explored by 
changing the relative position to the graphene layer. The anion was forced 
to remain perpendicular to the graphene layer, in order to induce a radical 
change in the interaction with the graphene layer. As Harding and Nijhuis 
have shown in their previous work,60 the anion is strongly related with the 
hysteresis of the SCO compound (section 4.2.2). However, the projected 
density of states of the junction with a lying down and standing up NTF2 
anion show no difference, thus it is inferred that although the anion has an 
important role in the hysteresis process, it remains passive relative to the 
electron transport for a large bias window (Figure 4.15). 




Figure 4.15. Projected Density of States (PDOS) of [Fe(qsal-I2)] and the anion NTF2  in a) lyring-down 
and b) standing up orientation. Alpha and beta spinorbitals are represented as red and blue curves. 
The filledcurves represent the contribution of FeIII centre.44 
The model of EGaIn electrode turns out to be successful to explain the 
phenomena observed for [FeIII(qsal-I)2]NTf2 junction. However, because 
it is the first time such electrode is considered explicitly in a quantum 
transport calculation, inconsistencies were checked by substituting the 
EGaIn top electrode by a Ag(111) lead. Silver is chosen because it has a 
similar workfunction to the EGaIn electrode (4.7 eV80 and 4.3 eV78) and it 
is easily modelled (Figure 4.16).  
 
Figure 4.16. [FeIII(qsal-I)2]NTf2 model sandwiched between Cu/SLG bottom electrode and Ag(111) top 
electrode in substitution of the actual EGaIn top electrode. Colours for Cu: orange, C: Gray, S: yellow, 









































Figure 4.17. PDOS and Transmission spectra of [FeIII(qsal-I)2]NTf2 sandwiched between Cu/SLG and 
Ag(111) electrodes for high (A and B) and low-spin sates (C and D). Alpha and beta spinorbitals are 
represented as red and blue curves. The filledcurves represent the contribution of FeIII centre. Adapted 
figure.44 
As it was done for EGaIn lead, the PDOS and the transmission spectra of 
high and low-spin states of the junction are calculated and shown in 
Figure 4.17. Using the zero-voltage approximation, with Ag(111) top 
electrode it is obtained a larger conductance value for the high-spin state 
(1.65·10-3 G0) compared to the low-spin state (6.00·10-4 G0) in 
correspondence with the experiments. Notice that the conductance values 
obtained using the silver electrode are three orders of magnitude bigger 
than the ones obtained with the actual EGaIn electrode. Qualitatively, it is 
easy to understand that the oxide GaOx layer of EGaIn electrode will 
block the electron flow. Such layer is absent on silver, which is an 
excellent conductor. However, a closer examination of the PDOS of the 
HS state (Figure 4.17A) reveals that β dxy spinorbital is right below the 
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This suggest a charge transfer from the Ag(111) electrode to the [Fe(qsal-
I)2]+ moiety leading to a formal reduction of FeIII to FeII. This is not 
observed when employing the EGaIn electrode (Figure 4.14A). 
Notwithstanding, it is worth noting that β dxy spinorbital is very close to 
the Fermi energy for HS state even when the actual EGaIn electrode is 
considered. Luckily, EGaIn is able to keep the correct oxidation state. 
This reveals the difficulty of ensuring that the SCO complex remains in 
the FeIII oxidation state when it is placed within electrodes. 
4.2.5 Conclusions 
It is demonstrated that [Fe(qsal-I)2]NTF2 is the first successful FeIII spin 
crossover molecular junction begin fully functional at room temperature 
conductance switching. The junction is shown to be easy to fabricate, 
highly reproducible, robust and working in the tunnelling regime for both 
spin states. 
Good balance between too weak and too strong interaction is found when 
Cu/SLG bottom electrode and EGaIn top electrode are employed. This 
combination ensures the survival of the SCO behaviour. Theoretical 
calculations highlight the critical role of the top electrode in stabilising the 
FeIII oxidation state. To do so, an explicit model of EGaIn electrode is 
optimised using α-Ga[100] crystal structure as a starting point. 
The zero-voltage conductance approximation was found to be 
unsuccessful in predicting the experimental observations. This is 
somewhat expected because the experimental biases are from -1 to 1 V. 
When the conductance is obtained taking into account a bias of 0.25 V, 
HS state scores a higher conductance than LS state, as experimental results 
show. 
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The comparison to Ag(111) top electrode leads to an effective charge 
transfer that reduces the FeIII centre to FeII. Although substitution of 
EGaIn by other metallic electrodes has been successful, it must be 
carefully checked to obtain and understand the correct results. 
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In the last chapter, spin crossover (SCO) compounds were shown to be 
crucial in the development of spintronics. Among SCO materials, metal-
organic frameworks (MOFs) consist on 3D coordination polymers with 
tuneable porosity and high surface area.1 Originally developed for 
applications in gas storage and catalysis,2,3 in the last years MOFs have 
exhibit a huge potential in nanotechnology and solid state physics.4,5 In 
this context, electric,6–9 thermoelectric,10 magnetic11,12 and memristive13–15 
properties of MOFs have been explored to their potential used in 
electronic devices.  
Cyanide-bridged Hofmann-type MOFs or Hofmann Clathrates were first 
introduced by Hofmann and Küspert in 1897 with general formula 
[Ni(NH3)2{Ni(CN)4}]· 2C6H616. Spin crossover property was originally 
observed in [Fe(py)2{Ni(CN)4}] (py = pyridine) Hofmann clathrate 
analogue based on the reversible change of FeII ion between low-spin (LS) 
and high-spin (HS) states.17 This class of compounds rapidly widened with 
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the general formula [M(L)n{M’(CN)4}] (M = FeII, CoII, CuII, ZnII, CdII, 
MnII, M’ = PtII, PdII, NiII) composed of two-dimensional (2D) sheets of 
MII ion coordinated by the square-planar tetracyanometallate ion and two 
N-terminated axial ligands. Neighbouring sheets interacts via π-π stacking 
of intercalated axial ligands, usually pyridine (Figure 5.1, left), or 
connecting two MII ions by sharing the same axial ligand, for example, 
pyrazine (pz) or bipyridine (bipy) (Figure 5.1, right). Over the years, a wide 
variety of monodentate and bidentate pyridines have been used to occupy 
the axial position.18,19 
 
Figure 5.1. Structures of a) {Fe(py)PdII(CN)4} (py = pyridine) and b) {Fe(pz)PtII(CN)4} (pz = pyrazine). 
C: grey, N: dark blue, Fe: Brown, Pt and Pd: Light blue. Adapted figure.18 
There are several methods available to build up a MOF on a substrate20 
such as spin coating,21 electrochemical techniques22 or chemical vapour 
deposition.23 The most common bottom-up approach is layer-by-layer 
(LbL) synthesis achieved by alternating soaking of a substrate in solutions 
of the building blocks.24–30 In this manner, tens to hundreds of 2D sheets 
can be accumulated in a cyanide-bridged Hofmann-type MOF.31 
The objective for this chapter is to build a room temperature 
magnetoresistance monolayer of a Hofmann-type MOF of the form 
{CoII(PyrT)PtII(CN)4} (PyrT = 4-mercaptopyridine) optimising the LbL 
methodology to obtain a single sheet. CoII in a high-spin state S=3/2 in 
octahedral coordination have been reported to show large 
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magnetoresistance.32 Further, the substitution of FeII by CoII avoids the 
possible oxidation to FeIII, which should facilitate the synthesis conditions. 
Contrary to other monolayers (chapter 4), in a Hofmann-type monolayer 
the CoII centres are interconnected via the square-planar 
tetracyanometallate ions in the x-y plane. Those bonds are expected to 
improve the robustness, reproducibility and ordering of the monolayer in 
comparison to systems with discrete molecules while keeping a direct and 
short electron pathway through magnetic CoII centres. 
5.2 Results 
5.2.1 Synthesis and characterisation 
The synthesis of {CoII(PyrT)2Pt(CN)4} (PyrT = 4-mercaptopyridine) 
Hofmann-type monolayer is inspired on the previous work of Mallouk31 in 
1994 and Real33 in 2006. Overall, the synthesis is based on the successive 
exposition to the building blocks and cleaning of a chosen substrate. 
Several different temperatures (from original -60ºC reported by Mallouk to 
room temperature), concentrations (typical values of 5-100 mM), cleaning 
and exposition times (within half and 10 minutes) are reported in the 
literature.30,34–37 Here, it is shown the experimental conditions found for 
Hofmann-type single layer grown in a Au(111) monocrystalline substrate 
using the layer-by-layer (LbL) method (Figure 5.2). 
The first step is to grow a 4-mercaptopyridine (PyrT) monolayer finely 
spaced to keep the right distance between CoII ions to let the future lateral 
coordination via square-planar tetracyanoplatinate ion. This first 
monolayer is usually formed using an ethanolic solution. Nevertheless, it 
has been reported that PyrT can suffer the rupture of the S-C bond under 
ethanol.38 In order to grow a spaced PyrT monolayer, the Au(111) 
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substrate is exposed to a EtS-PyrT 5 mM solution in CH2Cl2 at room 
temperature. The cleavage of the S-S bond generates a monolayer of PyrT 
and ethanethiol. The latter has the passive but important role of spacing 
the PyrTs. Afterwards, the monolayer is cleaned by immersion during 30 s 
in CH2Cl2. The deposition of the monolayer is easily followed by 
ellipsometry, scoring an average height of 4.5 Å compatible to a slightly 
tilted PyrT (Figure 5.3, top panel). 
 
Figure 5.2. Synthesis of a {CoII(PyrT)2MII(CN)4) Hofmann-type monolayer using a layer-by-layer 
methodology. The Au(111) substrate is successively exposed to the building blocks and cleaned.  
Then, it is exposed to Co(BF4)2 5 mM in ethanol and cleaned in the same 
solvent during 30 s at 4ºC. The operation is repeated for K2[Pt(CN)4] and 
cleaned for 1 min. This step coordinates the CoII ion to the PyrT and the 
tetracyanoplatinate ion interconnects the different CoII centres. Although 
Mallouk reported that 2D counterparts of Hofmann-type MOF could be 
built at room temperature,31,33,36,37,39 at 4ºC it is found a good compromise 
between the coordination of the different chemical species and the 
desorption ratio under ethanol. The ellipsometry measures a height of 11.5 
Å for this step (Figure 5.3, centre panel). This thickness is consistent with 
PyrT and ethanol working as axial ligands. Finally, the substrate is exposed 
to a PyrT 5 mM solution in 19 mL CH2Cl2 and 1 mL of ethanol to 
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substitute the axial ethanol during 10 minutes. In this way, the solubility of 
PyrT in CH2Cl2 is improved while keeping a low quantity of ethanol. 
Later, the excess of PyrT is washed during 30 s in pure CH2Cl2. The 16.7 
Å height obtained in the ellipsometric measurements is in good agreement 
with the expected height for the fully-grown Hofmann-type monolayer 
(Figure 5.3, bottom panel). 
 
Figure 5.3. Ellipsometric measurements for PyrT monolayer (top panel), the intermediate step of 
interconnected CoII ions via square-planar tetracyanoplatinate ions (centre panel) and fully-grown 
Hofmann-type monolayer (bottom panel) for angles of incidence 65º, 70º and 65º. The monolayer is 
modelled as a Cauchy optical layer with constant refractive index n(λ) and constant extinction 
coefficient k(λ). 
To corroborate the ellipsometry measurements, tapping mode AFM 
images have been obtained for the fully-grown monolayer in a Bruker 
Multimode 8 AFM with nanoscope V electronics (Figure 5.4). To obtain 
absolute thicknesses by AFM, the usual method is to scratch a hole on the 
surface to destroy part of the monolayer and check the section over the 
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remove the Hofmann-type monolayer and leave the bare Au(111) surface. 
By checking the section through the square it is possible to obtain the 
thickness of the deposited monolayer. For the last step, a thickness of 1.72 
nm (17.2 Å) is obtained, in excellent agreement with the ellipsometry 
measurements (Figure 5.3, bottom panel). 
 
Figure 5.4. AFM image showing the thickness of the Hofmann-type monolayer. Blue and red curves 
show the section through the scratched 150x150 nm square to reveal a 1.72 nm thickness. Green 
curve shows the section variation over the monolayer. 
 
Figure 5.5. XPS spectrum of a fully-grown Hofmann-type monolayer and high-resolution spectra of 
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The XPS for the fully-grown Hofmann-type monolayer shows a 
significant amount of oxygen, consistent with ethanol being the axial 
ligand and/or completing the coordination sphere of misplaced CoII ions 
(Figure 5.5). An overall inspection of XPS spectra indicates that, although 
all the elements involved in the Hofmann-type monolayers are present, the 
small thickness of the monolayer makes difficult the data acquisition. 
Thus, quantitative information such as element ratio cannot be obtained. 
5.2.2 C-AFM measurements 
Conductive atomic force microscopy (C-AFM) can be employed to obtain 
contact mode topology images and, at the same time, current-position 
maps at a given bias. To do so, the fully-grown Hofmann-type monolayer 
was scanned using a CSI NanoObserver AFM and a doped diamond tip 
equipped with Resiscope module to obtain electrical information. Figure 
5.6A shows the contact mode topology of the {CoII(PyrT)2Pt(CN)4} 
Hofmann-type monolayer on Au(111). The blurred picture in combination 
of clear features indicates that a thin-film is on the substrate, as it was 
shown in the previous section. 
Whilst topology images can be rather opaque regarding the coverage, to 
map the current can give better contrast to directly observe the extension 
of the monolayer. Bare Au(111) is expected to exhibit much higher 
conductance under bias than the Hofmann-type monolayer. Hence, to 
map the current against the position will show the coverage of 
{CoII(PyrT)2Pt(CN)4} with excellent contrast (Figure 5.6B). Low current 
regions are marked in red and indicate the presence of the 
{CoII(PyrT)2Pt(CN)4} monolayer. High current regions in blue are related 
to bare gold. Since most of the image is marked as a low current region, it 
suggest that the monolayer is covering gold to a very large extend. 
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Depressions of gold surface marked as blue dashed lines in Figure 5.6A 
show good correspondence to high current regions in Figure 5.6B. To 
further evidence the present of the {CoII(PyrT)2Pt(CN)4} Hofmann-type 
monolayer, I(V) curves were measure on bare gold (blue curve) and on the 
monolayer (red curve) showing a much higher current on the bare gold, as 
it is expected (Figure 5.6C). 
 
Figure 5.6. A) Contact mode topology of the Hofmann-type monolayer B) C-AFM image at bias -0.3 V 
C) I(V) curves obtained on bare gold (blue) and on the Hofmann-type layer (red). 
5.2.3 Blinking STM experiments 
To study the conductance of the Hofmann-type monolayer, it was carried 
out blinking STM measurements (section 1.2.1). Contact measurements as 
tapping usually employed for single molecule experiments are not suitable 
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because of the many interactions involved in a dense monolayer, hence 
making impossible the proper collection of molecular plateaus.  
In the same fashion it was done in chapter 3, an STM tip was 
functionalised with PyrT. The monolayer was grown until step 2 (Figure 
5.2). The actual Hofmann-type monolayer (Figure 5.2, 3) is created in situ 
when the PyrT on the STM tip bonds the CoII centre, displacing the axial 
ethanol (Figure 5.7). 
  
Figure 5.7. Blinking STM experiment recreation. 
The data shown in this section are from a series of preliminary 
experiments with limited statistics. Nevertheless, very valuable information 
about the conductance and magnetoresistance of Hofmann-type clathrate 
monolayer can be inferred. When a PyrT bonds a CoII centre, a sudden 
jump or blink is observed in the conductance. These blinks (Figure 5.8, 
inset) are accumulated to generate a 2D heatmap (Figure 5.8). For a 
functionalised gold tip with PyrT (Figure 5.8, left), the lowest conductance 
signature is observed at 5.62·10-5 G0. Higher conductance values are also 
recorded but no clear signature can be distinguished, forming a broad 
band. The same experiment carried out with a functionalised PyrT nickel 
tip (Figure 5.8, right) shows clearly differentiated conductance signatures 
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starting at 4.16·10-5 G0, in consonance with what if found for the 
functionalised gold tip (5.62·10-5 G0). Other conductance signatures at 
8.32·10-5 G0 and 1.23·10-4 G0 (and higher) are roughly integer factors of 
the first conductance signature. This suggests that the conductance 
signature at 4.16·10-5 G0 can be attributed to the event of a single CoII-
PyrT bond formation and two and three CoII-PyrT bond formation to 
8.32·10-5 G0 and 1.23·10-4 G0. Higher integer factors can also be 
understood in this fashion. 
 
Figure 5.8. Accumulated 2D maps of Hofmann-type monolayer using gold (left) and nickel (right) tip 
and examples of Blinking STM blinks (insets) using a -50 mV bias and 0.8 nA setpoint. 
The enhanced conductance signature resolution of Ni functionalised tip in 
comparison to Au tip could be related to the different electrode-
monolayer interaction. However, Au and Ni have very similar 
workfunctions (5.1 and 5.0, respectively)41 and previous experiments have 
shown during the thesis yielded similar resolution. Thus, the poor 
resolution obtained for gold tip is assigned to the small number of blinks 
recorded.  
To explore the magnetoresistance of the Hofmann-type monolayer, Ni 
tips were freshly cut and exposed to PyrT solution. The rapid exposure to 
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large extend. To polarise the tips, they were polarised ex situ by exposing 
them to a commercial 1 T NdFeB magnet after functionalization under N2 
atmosphere (section 3.2). 
 
Figure 5.9. Accumulated 2D maps of Hofmann-type monolayer using alpha-polarised (left) and beta-
polarised (right) Ni tip and examples of Blinking STM blinks (insets) using a -50 mV bias and 0.8 nA 
setpoint. 
Alpha and beta-polarised Ni tips conductance 2D maps are shown in 
Figure 5.9 and an example of the selected blinks is shown in the respective 
insets. For an alpha-polarised Ni tip (Figure 5.9, left), a broad conductance 
signature at 6.76·10-5 G0 can be seen. The same broad signature is 
observed for a beta-polarised Ni tip (Figure 5.9, right) but at 1.74·10-5 G0, 
scoring a magnetoresistance α/β  of 3.89. As observed for the non-
polarised Ni tip, some integer factor signatures of a single CoII-PyrT bond 
can be intuited. While two CoII-PyrT bond formation is not clearly 
observed, three CoII-PyrT bond formations at 1.95·10-4 G0 (alpha-
polarised) and 5.75·10-5 G0 (beta-polarised) yields a very similar 
magnetoresistance to the single CoII-PyrT bond formation case of 3.39. 
The magnetoresistance ratio of 3-4 fold is of the same order than the one 
observed for metalloporphyrins (chapter 3). 
Although the big picture of the Hofmann-type clathrate monolayer can be 
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with larger accumulation of blinks is of great importance to resolve the 
integer factor conductance signatures expected for Au, non-polarised and 
polarised Ni tips. Furthermore, to study if there is any effect of the bias 
sign on the conductance and/or magnetoresistance is also of interest to 
have a robust study. 
5.2.4 Computational details 
In the previous chapter, it was considered two different monolayers 
modelled as if it were single molecule experiments with no interaction 
with their neighbours. In both cases, there was experimental information 
pointing to a low interaction with their neighbours, hence making suitable 
the single molecule picture. For the Hofmann-type monolayer, this is no 
longer true and the model must replicate an actual monolayer using 
periodic boundary conditions (Figure 5.10). 
 
Figure 5.10. Computational model of {CoII(PyrT)2Pt(CN)4} Hofmann-type monolayer. 
The unit cell considered contains four CoII centres and placed between 
electrodes (Figure 5.11). The scattering region was optimised until atomic 
forces were below 0.04 eV/Å using SIESTA code.42–44 The electrodes 
were kept fix but movement along the z-axis was permitted in order to 
optimise the interelectrode distance. 




Figure 5.11. Computational model of {CoII(PyrT)2Pt(CN)4} Hofmann-type monolayer. Views of the 
monolayer along the x-axis (left) and y-axis (right). The dotted line represents the unit cell considered, 
which consist of four CoII ions. 
The wavefunction was expanded using double-ζ  polarised (DZP) basis set 
using valence pseudopotentials and PBE functional45 for all atoms except 
for Co, in which semicore 3p orbitals were also included. For this atom, a 
Hubbard correction of U=4.0 eV in the d-shell. A 11e- Au 
pseudopotential was used for the optimisation, whilst a 1e- 
pseudopotential and single-ζ  polarised (SZP) was used to obtain the 
charge transport properties.46 Using this light pseudopotential, it is 
possible to include a 11x11x1 and 11x11x51 k-point grids for the full 
system and for the isolated electrode, respectively. 
The transport properties were obtained using GOLLUM code47 within the 
EGF formalism (section 1.4.1). The conductance is approximated from 
the transmission spectrum as G = T(EF)G0, valid for small biases. 
5.2.5 Theoretical study of {CoII(PyrT)2Pt(CN)4} 
monolayer 
In the model considered, the unit cell connects both electrodes through 4 
different channels (one channel for each CoII centre). CoII is a d7 ion and 
is found to have an experimental high-spin ground state (S=3/2) in very 
similar systems.48 Figure 5.12 shows the scheme, projected density of 
states (PDOS) and transmission spectrum of the {CoII(PyrT)2Pt(CN)4} 
monolayer. 




Figure 5.12. Scheme (left), projected density of states (centre) and transmission spectra (right) of 
Hofmann-type monolayer {CoII(PyrT)2Pt(CN)4}. Red and blue colours stand for alpha and beta 
spinorbital contributions. Filled curves of the same colour indicate the CoII contribution to the projected 
density of states. 
The summation of the four CoII centres scores a conductance of 5.96·10-4 
G0 for low biases, in good agreement with the expected 2.70·10-4 G0 for 
the contact of four CoII centres. The main metallic transmission channels 
lay 0.2 eV below the Fermi energy, corresponding to β dxy  and dyz 
spinorbitals. The closest molecular orbital to the Fermi energy is from Pt 
centres, hence having negligible electron transmission. 
In the figure below, an axial PyrT molecule is sequentially removed until a 
single PyrT is left, thus a single channel is open to the charge transport 
(Figure 5.13). The projected density of states (PDOS) indicates that all 
CoII ions are, essentially, identical by symmetry, as it is expected. The 
transmission spectra are shrunken as long as axial PyrT molecules are 
removed. The conductance values obtained for three, two and only one 
open channel are 3.70·10-4 G0, 2.25·10-4 G0 and 8.51·10-5 G0, respectively. 
The latter value, although slightly overestimated, is in consonance with the 
































Figure 5.13. Scheme (left), projected density of states (centre) and transmission spectra (right) of 
Hofmann-type monolayer with four, three, two and one channels open. Red and blue colours stand for 
alpha and beta spinorbital contributions. Filledcurves of the same colour indicates the CoII contribution 
to the projected density of states. 
Nearly integer factors of the single channel case (Figure 5.13, bottom 
panel) indicate that each channel is essentially working independently of its 
neighbours. Deviations from the perfect integer factor can be attributed to 
small asymmetries and weak interactions in the model, which can be also 
found in the actual experiment. The four channels in the unit cell are 
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ligands. These connections are perpendicular to the charge transport 
direction and set the neighbouring PyrT molecules to a 7.4 Å distance. 
Because of that, it is expected that the total transmission is the sum of 
each CoII channel, with mild interactions between centres.  
Regarding the magnetoresistance, the {CoII(PyrT)2Pt(CN)4} Hofmann-
type monolayer shows a modest response to the magnetic Ni tip (3-4 fold 
magnetoresistance). Similarly to metalloporphyrins (section 3.3.2), the 
closest orbital to the Fermi energy with substantial transmission has a very 
small metallic contribution. Although there is a clear asymmetry in the 
alpha and beta transmission spectra (Figure 5.12, right and Figure 5.13, 
right), the broadening of those molecular orbitals is not sufficient to have 
a relevant contribution at the Fermi energy. Hence, alpha and beta 
contributions are very similar for low biases. 
5.3 Conclusions 
Based on previously reported layer-by-layer synthesis of Hofmann-
clathrates of the form {FeII(PyrT)2Pt(CN)4}, the synthesis is optimised to 
obtain a single sheet of {CoII(PyrT)2Pt(CN)4} on Au(111) in an easy, 
robust and reproducible manner. To follow the three different synthetic 
stages, the thickness of the monolayer was followed using ellipsometry 
and AFM imaging, showing a larger thickness on each step up to 16.7-17.2 
Å, the expected height of the fully-grown Hofmann-type monolayer. The 
chemical composition of the resulting monolayer was extracted via XPS, 
despite no quantitative information could be inferred because of the small 
thickness of the sample. C-AFM measurements showed high coverage of 
{CoII(PyrT)2Pt(CN)4} over monocrystalline Au(111). Current-voltage 
curves further demonstrates that low current regions corresponds to 
{CoII(PyrT)2Pt(CN)4} and high current regions to bare gold. 
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Blinking STM measurements were performed to gain insight at molecular 
level. The conductance histogram of the blinking events obtained with a 
PyrT functionalised gold and nickel tip suggests that CoII centres can be 
understood as non-interacting channels, thus the different conductance 
peaks observed correlate to an integer number of CoII-PyrT bond 
formation. Theoretical studies confirm the independent channel picture 
and show good correspondence between the calculated (8.51·10-5 G0) and 
observed (6.76·10-5 G0) single CoII-PyrT bond formation. 
The magnetoresistance of {CoII(PyrT)2Pt(CN)4} monolayer was explored 
polarising a functionalised nickel tip and repeating the Blinking STM 
measurements. The monolayer presented higher conductance for an 
alpha-polarised nickel tip being 3-4 larger than when measure with a beta-
polarised tip. Theoretical calculations show small asymmetry between 
alpha and beta spinorbitals on the Fermi energy, thus in agreement with 
the modest magnetoresistance observed experimentally.  
Overall, Hofmann-type clathrate monolayer offers the possibility to be 
easily integrated as a magnetoresistance device given the high coverage of 
the gold electrode. Thus, our results can be extended to generate spin 
valve-based devices with a heavy metal/Ni/2DHofmann/Gold layered 
structure (Figure 5.14). The Ni electrode works as a free layer. The 
direction of its magnetization is controlled via spin-orbit torque generated 
by the heavy atom electrode (i.e. tantalum). Furthermore, this kind of spin 
valve structures could be extended to memristor systems for 
neuromorphic devices (Figure 5.14). 




Figure 5.14. Spin valve-based devices with a heavy metal/Ni/2DHofmann/Gold scheme.   
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6 SYSTEMATIC STUDY OF 
THERMOELECTRIC PROPERTIES 
ON MAGNETIC COMPLEXES 
6.1 Introduction 
Nowadays, there is an increasing interest and demand of sustainable 
development.1 A major problem to overcome in this matter is to reduce 
the amount of wasted energy. Up to 80% of the generated energy is lost in 
the form of heated gas.2 Hence, to recover and convert waste heat into 
available electrical energy is a compelling need. In this scenario, 
thermoelectric devices based on Seebeck effect (section 1.1.7) become 
valuable allies, reconverting waste heat into electricity.3,4 An important 
class of thermoelectric materials are metal chalcogenides,5 being Bismuth 
Telluride (Bi2Te3)6 and its alloys extensively studied. Nevertheless, the low 
abundance of Bi and Te, the working temperature range and industrial 
scalability encourage the search of alternatives. Recently, SnSe has 
emerged as a new candidate being cheaper, high performing and less toxic 
than other metal chalcogenides.7 Organic semiconductors have also 
attracted the attention of the community because they combine the 
semiconducting and soft-matter properties, making possible the 
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fabrication of flexible, light and biocompatible electronic devices.8 
However, the low performance of these materials limits their applications 
and only thermoelectric coolers based on Peltier effect are on the market.9 
The figure of merit (ZT) is the parameter that measures the efficiency of 
thermoelectric devices as ZT = S2GT/(kel + kph). It involves the Seebeck 
coefficient (S), the conductance (G), working temperature (T) and phonon 
and electronic thermal conductance (kph and kel). Efficiency ( η ) of 
thermoelectric devices is limited by the Carnot factor ∆T/Th in equation 
1.2.10 For very high ZT values, the efficiency at room temperature for a 




1 + ZT + T!/T!
 6.1 
Beyond ZT = 1, efficiency increases slowly and a figure of merit of ZT > 
1 is usually the milestone for practical applications.11 One strategy to 
improve the thermoelectric performance is to explode quantum 
confinement effects in low-dimensional materials.12,13 In the light of that, 
many efforts have been dedicated to thermoelectrics of nanowires.14 
Down to molecular level, quantum interference can lead to huge 
thermoelectric efficiencies.15–17 Whereas thermoelectric properties of many 
organic molecules have been already measured,11,18–20 the inclusion of 
metal centres is rather left unexplored. Van der Zant et al. showed a 
completed mapping of thermoelectric properties of [GdIII(tpy-
SH)2(SCN)3] (tpy = terpyridine)21 by electromigration with a figure of 
merit of 0.7. Agraït and co-workers22 reported bi-thermoelectricity in 
endohedral Sc3N@C60 by STM-BJ and, more recently, showed that the 
inclusion of a ruthenium or  platinum atom in a series of 12 conjugated 
molecular wires leads to improved electric and thermoelectric properties.23  
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Although theoretical calculations of thermoelectric properties are easily 
accessible, organic molecule junctions have attracted much of the 
attention.9,24–27  
Motivated by these works, in this last chapter the discussion goes back to 
single molecule junctions. The objective is to systematically study simple 
metallic complexes to elucidate common characteristics of high 
performing thermoelectric devices. To focus on high conductance metal 
complexes is very convenient because the power factor S2G will be 
enhanced but more importantly, electrons will be the main heat carriers. 
This last statement is important from the computational point of view. If 
electrons are the main heat carriers, the figure of merit can be reduced to ZT = S2GT/kel . Hence, the phonon calculations associated to 
thermoelectric calculations can be skipped, shortening computational time 
without a sensible loss of accuracy, a priori. 
Because of their simplicity and variety, metallocenes (VII, FeII, NiII and 
CoII) are chosen for this study. Ferrocene has been reported to exhibit a 
0.25 G0 conductance, thus being an excellent candidate.28 Lanthanide 
sandwich compounds (GdIII, EuII) are also introduced to explore the 
effect of f-shell orbitals. Finally, the [MII(py)2+x(SCN)4-x] (MII = FeII, CoII, 
py = pyridine, x = 0-2) family is studied to understand the effect of the 
ligand field and complex charge on the thermoelectric properties. Similar 
compounds have been studied previously showing sharp transmission 
peaks near the Fermi energy, potentially exhibiting an excellent 
thermoelectric performance.29 




6.2.1 Computational details 
All the metallic complexes presented were placed within electrodes of five 
gold layers of different sizes according to the molecular size. The electrode 
size is of 4x2 surface unit cell for metallocenes (VII, FeII, CoII, NiII), 5x3 
for Ln(COT)2 and Ln(COT)(Cp) (Ln = GdIII and EuII), 8x4 for Ln(Pc)2 
(Ln = GdIII and EuII) and 6x4 for the [MII(SCN)2+x(py)4-x] (MII = FeII, 
CoII, py = pyridine, x = 0-2) family. 
The nanojunctions were optimised up to atomic forces below 0.04 eV/Å 
keeping the farther three gold layers from the scattering centre of both 
ends rigid but letting them move along the z axis. In this manner, the 
periodic unit cell of bulk electrode is kept while the interelectrode distance 
is relaxed. 
The wavefunction was expanded using a double-ζ  polarised (DZP) basis 
set with valence pseudopotentials except for transition metals (VII, FeII, 
CoII and NiII), in which semicore 3p orbitals were explicitly described, and 
PBE functional with SIESTA code.30–32 For the optimisations, 11e- Au 
pseudopotential was employed and 1e- Au pseudopotential and single-ζ  
polarised (SZP) basis for thermoelectric properties calculations.33  For the 
[MII(SCN)2+x(py)4-x] family, PBE+U (U = 4.0 eV) functional is chosen.  
Similarly to the different electrode sizes, the k-point grid also varies 
depending on the nanojunction under study. A 19x19x1 k-point grid for 
metallocenes, 15x15x1 for Ln(COT)2, Ln(COT)(Cp), Ln(Pc)2 (Ln = GdIII 
and EuII) and [MII(SCN)2+x(py)4-x] (MII = FeII, CoII, py = pyridine, x = 0-2) 
family. The same k-point grid is chosen from the respective electrodes but 
with 51 k-points along the kz azis. 
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Thermoelectric properties were computed at 298 K with GOLLUM 
code.34 A proper calculation of the figure of merit would require a phonon 
computation to obtain the phonon thermal conductance kph. However, for 
high conductance nanojunctions, the electronic thermal conductance will 
be much larger than the phonon contribution, thus the figure of merit can 
be reduced to ZT = S2GT/kel. This reduces sensibly the computational 
time to obtain thermoelectric properties. 
6.2.2 Metallocenes (VII, FeII, CoII and NiII) 
The first family of compounds to discuss is metallocenes of VII, FeII, CoII 
and NiII. Metallocenes typically consist of two cyclopentadienyl anions 
(C5H5- ) and the metal centre, a subset of a broader class of compound 
called sandwich compounds. Many of the common metallocenes are 
commercially available in large quantities for years. Ferrocene (Fe(Cp)2) 
and its derivatives are the most studied members of the family both 
theoretically and experimentally.35 The HOMO of ferrocene lies very close 
to the Fermi energy of the most common metallic electrodes making it a 
very convenient choice for molecular electronics applications.36 It has 
been employed as building blocks to construct molecular rectifiers35 and 
rotatory molecular switches.37 




Figure 6.1. Vanadocene (top panel) and Ferrocene (bottom panel) projected density of states (PDOS), 
transmission spectra (T(E)), thermopower (S) and figure of merit (ZT). Colours in the scheme, Au: 
Gold, C: Grey, H: White, V: Pink, Fe: Ochre. Red and blue colours stand for alpha and beta 
spinorbitals. Purple curves represents both alpha and beta spinorbitals of ferrocene. Shaded curves on 
the PDOS represent the metallic contribution. Vertical dotted line indicates ZT > 1 milestone. 
Vanadocene and ferrocene have shown experimental conductance values 
of up to 10-2 G038 and 0.25 G0,28 respectively, making possible to skip the 
phonon calculation to obtain the figure of merit. The calculated 
conductance for these two metallocenes is 9.70·10-3 G0 and 0.21 G0 is very 
good agreement. Figure 6.1 shows the projected density of states (PDOS), 
transmission (T(E)), thermopower (S) and figure of merit (ZT) of 
vanadocene and ferrocene. VII ion in vanadocene is a S=3/2 ion with the 
lowest energy d orbitals, dxy, dx2-y2 and dz2 alpha spinorbitals occupied and 
very close to the Fermi energy. FeII in ferrocene have the same metallic 
orbitals occupied but for both spin states, thus having S=0. Since 
thermopower (S) is proportional to loge[T(E)] derivative, it is greatly 
improved when the transmission peaks are very sharp and thereafter the 
figure of merit (ZT). Transmission peaks will be sharp when the 
interaction with the electrodes is low, reducing the broadening of the 
molecular orbital. The transmission spectra for both metallocenes (T(E)) 
shows very sharp transmission peaks for dxy, dx2-y2  and dz2  molecular 
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orbitals. Low broadening is expected for these three metallic orbitals, since 
they do not mix effectively with the Cp- π orbitals and thus, the mixing 
with the electrodes is very low as well. Vanadocene and ferrocene score a 
striking figure of merit of ≈2 and ≈5, respectively. Roughly the double, 
because alpha and beta molecular orbitals are involved in the transmission 
of ferrocene compared to only alpha molecular orbitals of vanadocene. 
Because both metallocenes surpass the ZT > 1 milestone, they become 
interesting candidates for thermoelectric experiments. Although ferrocene 
should have a better performance, vanadocene gives the opportunity of 
combining spintronic and thermoelectric properties because of its spin-
polarised Fermi energy. 
When cobaltocene and nickelocene are considered, alpha spinorbital dyz 
and alpha spinorbitals dxz  and dyz  are occupied. Those antibonding 
metallic orbitals point towards the π cloud of Cp- ligands, hence achieving 
a much larger mixing with the electrodes. This is reflected into the PDOS 
of cobaltocene and nickelocene (Figure 6.2, PDOS) showing wiggly and 
low density of states of the molecule due to the rather constant DOS of 
gold around the Fermi energy. This is translated into a much smaller 
thermopower (and ZT) close to the Fermi energy, as it is shown in Figure 
6.2. While cobaltocene scores the largest conductance of the metallocenes, 
on nickelocene the addition of the second alpha electron stabilises the dyz/dxz pair, resulting in a reduction of the conductance up to 0.14 G0. 
However, cobaltocene and nickelocene do not exceed the ZT threshold of 
1 in an energy range of ± 1 eV, chosen as a sensible gate voltage window 
in which the metallocene might not oxidise or reduce. 




Figure 6.2. Cobaltocene (top panel) and Nickelocene (bottom panel) projected density of states 
(PDOS), transmission spectra (T(E)), thermopower (S) and figure of merit (ZT). Colours in the scheme, 
Au: Gold, C: Grey, H: White, Co: Orange, Ni: Green. Red and blue colours stand for alpha and beta 
spinorbitals. Shaded curves on the PDOS represent the metallic contribution. 
6.2.3 Sandwich compounds of GdIII and EuII 
Following on the sandwich compounds started with first row transition 
metal metallocenes, now it is explored the f-shell through gadolinium and 
europium. [Gd(tpy-SH)2(SCN)3] (tpy = terpyridine) is a precedent of 
lanthanides employed for thermoelectricity presented by van der Zant 
exhibiting a ZT = 0.7.21 As shown in chapter 4, the single determinant 
nature of DFT cannot describe the degenerated ground states of 
lanthanides. Exceptionally, some oxidation states can be described as a 
single determinant. For this reason, sandwich compounds of GdIII and 
EuII, isoelectronic f7 ions, are considered. The f-shell is an inner metallic 
shell and because of that, the interaction with the electrodes should be 
lower, yielding sharper transmission peaks. Figure 6.3 shows the electric 
and thermoelectric properties of [Gd(COT)2]- (COT = cyclooctatetraene), 
Gd(COT)(Cp) (Cp = cyclopentadienyl) and [Gd(Pc)2]- (Pc = 
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counterbalanced with ammonium in the unit cell, which is not 
participating in the transport. 
 
Figure 6.3. [Gd(COT)2]- (top panel) and Gd(COT)(Cp) (central panel) and [Gd(Pc)2]- (bottom panel) 
projected density of states (PDOS), transmission spectra (T(E)), thermopower (S) and figure of merit 
(ZT). Colours in the scheme, Au: Gold, N: Blue, C: Grey, H: White, Gd: Purple. Red and blue colours 
stand for alpha and beta spinorbitals. Shaded curves on the PDOS represent the metallic contribution. 
At first glance, the trivalent positive charge of GdIII pushes the f-shell well 
below the Fermi energy; hence no metallic contribution is seen in the 
selected energy window. However, some interesting results arise when 
considering the charge of the complex. Negatively charged [Gd(COT)2]- 
(Figure 6.3, top panel) and [Gd(Pc)2]- (Figure 6.3, bottom panel) present 
more than one ligand molecular orbitals on the Fermi energy that are very 
effective transmission channels, giving surprisingly high conductance of 
1.05 G0 and 0.47 G0. This is highlighted when observing the PDOS non-
charged Gd(COT)(Cp) (Figure 6.3, central panel), in which first molecular 
orbitals are below -1 eV apart from the Fermi energy. The high number of 
unpaired electrons in GdIII ion triggers an alpha/beta energy position 
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3.2), hence it is expected a greater magnetoresistance under a spin-
polarised electrode. Unluckily, the high interaction with the electrodes 
broadens the transmission peaks yielding poor to modest thermoelectric 
performance. 
 
Figure 6.4. [Eu(COT)2]2- (top panel) and [Eu(COT)(Cp)]- (central panel) and [Eu(Pc)2]2- projected 
density of states (PDOS), transmission spectra (T(E)), thermopower (S) and figure of merit (ZT). 
Colours in the scheme, Au: Gold, N: Blue, C: Grey, H: White, Eu: margenta. Red and blue colours 
stand for alpha and beta spinorbitals. Shaded curves on the PDOS represent the metallic contribution. 
Vertical dotted line indicates ZT > 1 milestone 
Figure 6.4 shows the analogous sandwich complexes for EuII ion. The 
reduction of the charge of the lanthanide pushes the f-shell closer to the 
Fermi energy. For [Eu(COT)(Cp)]- (Figure 6.4. central panel), f-shell 
molecular orbitals are now the main transmission channels available. The 
transmission spectrum (Figure 6.4. central panel, T(E)) reveals sharper 
transmission peaks for f-shell orbitals with ZT ≈ 0.7, but below the ZT > 
1 milestone. In comparison to its analogue Gd(COT)(Cp), the 
conductance value is more than an order of magnitude larger, scoring 
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their GdIII analogue but with smaller conductance values (0.14 G0 and 0.30 
G0) and better thermoelectric performance. In the case of [Eu(Pc)2]2-, an 
alpha spinorbital below the Fermi energy and an unoccupied beta 
spinorbital above the Fermi energy presents a figure of merit of ≈1.4. 
Potentially, the spin polarisation of the Fermi energy could be tuned with 
a gate voltage while keeping the thermoelectric performance, converting 
[Eu(Pc)2]2- a very interesting candidate to combine thermoelectricity and 
spintronics. 
Given that [Gd(COT)2]-, for example, exhibits high conductance and a 
broad transmission peak (Figure 6.3, top panel, T(E)) on the Fermi energy, 
it might be of interest to reduce the interaction with the electrodes in 
order to sharpen the transmission peak and hence improve the 
thermoelectric performance. Experimentally, coating the electrode with 
graphene can do the reduction of the interaction, as it is shown in chapter 
4. Another possibility is the chemical substitution of COT with 
voluminous groups to increase the COT-Au(111) distance. To illustrate it, 
both COT-Au(111) distances have been systematically increased in Figure 
6.5. As expected, as long as the interaction with the electrodes is reduced, 
the thermoelectric performance is enhanced. In the case of [Gd(COT)2]-, 
the figure of merit increases faster than the consequent reduction of the 
conductance because of the smaller molecule-electrode interaction. The 
conductance and ZT at relaxed COT-Au(111) distance are 1.05 G0 and ≈ 
0.15, respectively. When the electrodes are +1.0 Å apart from the relaxed 
COT-Au(111) distance, the conductance is reduced by a half (0.42 G0) but 
the figure of merit is improved by an order of magnitude, up to ≈1.5. 




Figure 6.5. Gd(COT)2 projected density of states (PDOS), transmission spectra (T(E)), thermopower 
(S) and figure of merit (ZT) for +0.1, +0.3, +0.5 and +1.0 Å relaxed COT-Au(111) distance. 
6.2.4 [CoII(SCN)2+x(py)4-x] and [FeII(SCN)2+x(py)4-x] 
families 
Sandwich compounds studied in the previous sections showed some 
interesting results but to chemically modify them to refine their 
thermoelectric properties can be challenging. To easily shift a molecular 
orbital closer to the Fermi energy or reduce the broadening of a specific 
molecular orbital via chemical design is crucial to generate new potential 
candidates. Octahedral coordination compounds can be easily tuned by 
chemical substitution or exchange of the ligands. For this last study, it is 
selected [CoII(SCN)2+x(py)4-x] (x = 0-2, py = pyridine) family because of 

























































































































































































Systematic Study of Thermoelectric Properties on Magnetic Complexes 6 
 
   221 
the simplicity of the ligands involved, chemical stability and permits the 
sequential substitution of py ligand by SCN-. The SCN- ligand works as an 
anchoring group to gold electrodes. Hence, the interaction with the 
electrodes and the charge of the complex are tuned with the number of 
SCN- in the complex. As it was done for the lanthanide sandwich 
compounds, the negative charges are counterbalanced with ammonium. 
CoII is a d7 ion in its high-spin state S=3/2 in the [CoII(SCN)2+x(py)4-x] 
family at room temperature.39 Figure 6.6 shows the projected density of 
states (PDOS), transmission spectra (T(E)), thermopower (S) and figure of 
merit (ZT) of Co(SCN)2(py)4, [Co(SCN)3(py)3]- and [Co(SCN)4(py)2]2- 
complexes. [CoII(SCN)2+x(py)4-x] (x = 0-2) family do not show any 
molecular orbitals in the nearby of the Fermi energy. Occupied d orbitals 
lie below -1 eV whereas unoccupied d orbitals lie above 1 eV. In the case 
of Co(SCN)2(py)4, alpha d spinorbitals are placed at -3.88 eV, -3.74, -3.36 -
2.55 and -1.78 eV and beta d spinorbitals at -2.21, 1.24, 2.12 and 2.59 
being the occupied degenerated in energy. As expected, molecular orbitals 
are pushed towards the Fermi energy with increasing negative charge 
Co(SCN)2(py)4, < [Co(SCN)3(py)3]- < [Co(SCN)4(py)2]2- (Figure 6.6, 
PDOS). Also, the broadening of the transmission spectra (Figure 6.6, 
T(E)) is increased with the number of SCN- ligands, as it was predicted. 
Because of the inexistence of sharp transmission peaks in the energy 
window, modest thermoelectric performance is observed (Figure 6.6, S 
and ZT). 




Figure 6.6. Co(SCN)2(py)4 (top panel), [Co(SCN)3(py)3]- (central panel) and [Co(SCN)4(py)2]2- projected 
density of states (PDOS), transmission spectra (T(E)), thermopower (S) and figure of merit (ZT). 
Colours in the scheme, Au: Gold, N: Blue, C: Grey, H: White, Fe: Ochre, S: Yellow. Red and blue 
colours stand for alpha and beta spinorbitals. Shaded curves on the PDOS represent the metallic 
contribution. 
In order to shift molecular orbitals towards the Fermi energy, the same 
three complexes for FeII are considered, similarly as it was done for the 
GdIII and EuII sandwich compounds. As found for CoII, FeII is its high-
spin state S=2 in the [FeII(SCN)2+x(py)4-x] family at room temperature.40 
Figure 6.7 shows the projected density of states (PDOS), transmission 
spectra (T(E)), thermopower (S) and figure of merit (ZT) of complexes. 
Fe(SCN)2(py)4 shows dxy beta spinorbital at 0.5 eV below the Fermi energy 
with a very sharp transmission peak scoring an striking figure of merit 
close to 5 (Figure 6.7, top panel, ZT), being a good candidate if a gate 
voltage can be applied. In comparison to CoII, the removal of dyz beta 
spinorbital pushes dxy  beta spinorbital close the Fermi energy due to 
exchange energy of identical electrons and weaker nuclear attraction. 
When adding SCN- ligands, the negative charge is increased and the ligand 
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Fermi energy. The interaction with the electrode is enlarged because the 
added SCN- ligand work as new anchoring groups. As a consequence, 
[Fe(SCN)3(py)3]- scores a conductance value of 4.10·10-2 G0 and 
[Fe(SCN)2(py)4]2- 0.18 G0. However, figures of merit are equal or below 
the milestone ZT > 1. 
 
Figure 6.7. Fe(SCN)2(py)4 (top panel), [Fe(SCN)3(py)3]- (central panel) and [Fe(SCN)4(py)2]2- projected 
density of states (PDOS), transmission spectra (T(E)), thermopower (S) and figure of merit (ZT). 
Colours in the scheme, Au: Gold, N: Blue, C: Grey, H: White, Fe: Ochre, S: Yellow. Red and blue 
colours stand for alpha and beta spinorbitals. Shaded curves on the PDOS represent the metallic 
contribution. 
6.3 Conclusions 
In this last chapter, thermoelectric properties of simple metal coordination 
complexes have been studied systematically to obtain some insight on 
which common characteristics should have a potential candidate. From 
metallocenes M(Cp)2 (M = VII, FeII, CoII and NiII), it is observed that 
molecular orbitals with sharp transmission peaks close to the Fermi energy 
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metallocenes, dxy, dz2 and dx2-y2 molecular orbitals weakly interacts with the 
gold electrodes, thus keeping a low broadening. Ferrocene (dxy2 dx2-y22 dz22 ) 
exhibits the best thermoelectric performance with ZT = 5 of the studied 
metallocenes followed by vanadocene (dxy1 dx2-y21 dz21 ) with ZT = 2. When dxz 
and dyz  orbitals are occupied in cobaltocene and nickelocene, the 
thermoelectric performance is repressed. 
The f-shell is explored through the study of GdIII and EuII sandwich 
compounds. The f-shell is an inner atomic shell in comparison to the d-
shell and should exhibit a better thermoelectric performance. For 
[Gd(COT)2]-, Gd(COT)(Cp) and [Gd(Pc)2]- no f orbital is found within 1 
eV above and below the Fermi energy. However, a stunning 1.05 G0 and 
0.47 G0 conductance values are calculated for [Gd(COT)2]- and [Gd(Pc)2]- 
due to frontier molecular orbitals lying on the Fermi energy. The same 
sandwich compounds of EuII showed f orbitals close the Fermi energy. 
The increased metallic character of the f-shell lead to a better 
thermoelectric performance of this shell, specially for [Eu(Pc2)]2- complex 
(ZT = 1.5) in which the ZT > 1 milestone was surpassed in the 
surroundings of the Fermi energy.  Negatively charged sandwich 
compounds seem to have molecular orbitals very close of the Fermi 
energy, thus being an interesting characteristic to design molecular devices.  
A possibility to systematically improve the thermoelectric performance is 
to reduce the molecule-electrode interaction introducing voluminous 
groups. The interaction with the electrode of [Gd(COT)2]- was artificially 
tuned by increasing the COT-Au(111) distance showing a larger figure of 
merit as the interaction is reduced. In order to tune easily tune the charge 
of the complex and the interaction with the electrodes, [CoII(SCN)2+x(py)4-
x] and [FeII(SCN)2+x(py)4-x] (x = 0-2) octahedral complexes were also 
studied. Both CoII and FeII ions are in their high-spin state. While CoII, 
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does not show any metal orbital close the Fermi energy due to exchange 
energy of identical electrons and stronger nuclear attraction, beta dxy of 
Fe(SCN)2(py)4 lies at 0.5 eV below de Fermi energy with an excellent 
figure of merit of 5. By substituting py ligand by SCN-, the charge and the 
interaction with the electrode is enhanced, shifting dxy orbital towards the 
Fermi energy and enlarging the broadening of the transmission peak. This 
results in conductance value of 0.18 G0 and a ZT of roughly 1 for 
[Fe(SCN)4(py)2]2-.   
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FINAL CONCLUSIONS 
Throughout this thesis, theoretical calculations and experimental work 
have been done to further understand molecular-based magnetoresistance 
devices at room temperature. 
Chapters 2 and 3: Supramolecular landscape of CoDPP and Study of 
magnetoresistance on metalloporphyrin devices 
Theoretical calculations on MII-5,15-diphenylporphyrin (MDPP, MII = 
CoII, NiII, CuII and ZnII) have provided valuable insight about the 
supramolecular interactions of these metallodiphenylporphyrins when 
both electrodes are functionalised using pyridine-4-yl-methanethiol 
(PyrMT) and 4-mercaptopyridine (PyrT). The high conductance signature 
of MIIDPP lies on the range of 10-2-10-1 G0. CoII, NiII and CuIIDPP 
junctions show a highly distorted octahedral coordination junction while 
ZnIIDPP produces a distorted pentacoordinated junction. Because of the 
shorter tunneling gap due to pentacoordination, ZnIIDPP exhibits the 
highest conductance of the studied metallodiphenylporphyrins. CoIIDPP 
and CuIIDPP present magnetoresistance and show 4-6 fold higher 
conductance for alpha-polarised nickel tip with respect to beta-polarised 
tip. Magnetoresistance is qualitatively understood in theoretical 
calculations based on alpha and beta spinorbital energy asymmetry. 
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Contrary to what it is expected, NiIIDPP does not show 
magnetoressitance because of the stabilised low-spin state (S=0), which 
can be attributed to its highly distorted octahedral coordination. The 
theoretical calculations on MDPP suggest an exciting supramolecular 
landscape, paving the way to Supramolecular Electronics. 
Chapter 4: Study of large area EGaIn magnetic junctions 
Large area magnetic junction [CuLn(L·SMe)2(OOCMe)2(NO3)]· x MeOH 
(x = 0.75-1) (Ln = GdIII, TbIII, DyIII and YIII) measured using eutetic 
gallium and indium (EGaIn) top electrode showed current independence 
on the lanthanide. The computational model with gold electrodes 
corroborates the experimental observation and shows that CuII β dx2-y2 
molecular spinorbital is the main transmission channel, thus being 
independent of the lanthanide. A second large area magnetic junction of 
[FeIII(qsal-I)2]NTf2 (qsal-I = 4-iodo-2-[(8-quinolylimino)methyl]phenolate) 
is the first FeIII spin crossover junction at room temperature. In this study, 
the bottom Cu/SLG (SLG = Single layer graphene) and top EGaIn 
electrodes are explicitly taken into account. EGaIn electrode is optimised 
computationally from α-gallium [100] crystal structure. The inclusion of 
explicit EGaIn top electrode permits the correct description of the 
[FeIII(qsal-I)2]NTf2 junction with higher conductance high-spin state at V 
= 0.25 V. The substitution of EGaIn top electrode by a Ag(111) electrode 
led to a formal reduction of FeIII to FeII, hence not being accurate. 
Chapter 5: Spintronic devices based on Hofmann-type clathrate 
monolayer 
Synthesis, characterisation and preliminary measurements on Hofmann-
type clathrate {CoII(PyrT)2Pt(CN)4} monolayers on Au(111) are described. 
Elipsometry, XPS, AFM and C-AFM measurements show that 
{CoII(PyrT)2Pt(CN)4} monolayer presents a high coverage on Au(111). 
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Blinking STM measurements in conjunction with computational 
calculations picture an integer number of CoII-PyrT connections during 
blinking experiments (conductance of 5.62·10-5 G0 for one CoII-PyrT 
connection). The study of magnetoresistance with polarised nickel tips 
showed a 3-4 fold magnetoressitance ratio, similar to 
metallodiphenylporphyrins. Our results can be extended to generate spin 
valve-based devices with a heavy metal/Ni/2DHofmann/Gold layered 
scheme. Furthermore, this kind of spin valve structures could be extended 
to memristor systems for neuromorphic devices.  
Chapter 6: Systematic study of thermoelectric properties on 
magnetic complexes 
As a final remark, computational studies on metallocenes (VII, FeII, CoII 
and NiII), GdIII and EuII sandwich compounds and [MII(SCN)2+x(py)4-x] 
(MII = CoII and FeII, x = 0-2) complexes were carried out to extract 
common characteristics of high thermoelectric performance magnetic 
junctions. Sharp transmission peaks close to the Fermi energy exhibit high 
thermopower. Hence it is convenient to have small molecule-electrode 
interaction. Because of the more atomic character, f-shell orbitals present 
sharper transmission peaks than d-shell orbitals. Negatively charged metal 
complexes exhibit molecular orbitals closer to the Fermi level. In the wake 
of these characteristics, vanadocene (ZT = 2), ferrocene (ZT = 5), 
[Eu(Pc2)]2- (ZT = 1.5) and Fe(SCN)2(py)4 (ZT = 5) are excellent 
candidates to further thermoelectric measurements. 
 
